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Abstract

The heterodyne / direct detection DIAL comparison (HD/DD DC) experiment series was
conducted at Kirtland AFB, NM, to simultaneously characterize and compare the radiometric
and chemical detection sensitivities of heterodyne and direct detection DIAL systems.  The
system developed by the Air Force Research Laboratory Directed Energy Directorate
demonstrated the first known programmable and shot-to-shot wavelength-agile heterodyne
DIAL measurements.  The experiments studied radiometric issues, speckle mitigation through
spread spectrum (modelocked) operation, and chemical detection sensitivities.  The
measurements were performed over horizontal paths at standoff ranges from 4 to 15 km, using
both natural and man-made targets.  Heterodyne and direct detection radiometric and
chemometric results are presented and contrasted, and are compared with predictions from
simulations and models.
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1.  Introduction

A.  Overview
The Heterodyne / Direct Detection DIAL Comparison (HD/DD DC) experiments were designed
to provide a direct, simultaneous comparison of the radiometric and chemical detection
sensitivities of the two receiver techniques.  From October 1998 to September 2003, the
HD/DD DC measurements were a main component of the Laser Remote Optical Sensing
(LROS) program at the Air Force Research Laboratory Directed Energy directorate (AFRL/DE).
In general, it is expected that heterodyne detection will have a significant radiometric
sensitivity advantage (by a factor of approximately 102 to 103) over direct detection.1  A key
issue for heterodyne detection, however, is the sensitivity of the process to speckle, which
affects the chemical detection sensitivity.  For a direct detection system, it is possible to
spatially average multiple speckles across the receiver aperture, thereby reducing the speckle-
induced fluctuation in the received signal.  For a common single-mode heterodyne receiver,
the requirement of having a coherent phase front over the receiver aperture results in a
speckle-limited single shot SNR of unity.  For the HD/DD DC experiments, a speckle mitigation
technique was studied which uses a spread spectrum (modelocked) transmit waveform.  In
this technique, multiple laser longitudinal modes are transmitted, each of which is speckled
independently when returned from a diffuse target with sufficient longitudinal extent.  An
illustration of the SNR characteristics versus range for each of these techniques is given in
Figure 1.  The values in the Figure were not calculated for specific systems, but are
representative of heterodyne and direct detection systems with similar transmit energies and
receiver apertures.  A common characteristic of all of the techniques is that at short ranges the
SNR will be speckle limited, and therefore mainly independent of range.  At some distance, the
SNR will become signal limited, and will decrease proportionally with the range squared (R 2),
or faster.  The heterodyne radiometric advantage is that the breakpoint between speckle-
limited and signal-limited operation will occur at significantly greater ranges.  The SNR
advantage at short ranges in the speckle-limited regime seen for a direct detection system in
comparison to a single-mode heterodyne system can be reduced or nearly eliminated by
utilizing a spread spectrum transmit waveform.  The cost of this improvement in comparison
with the more common single-mode heterodyne systems is slightly more complexity in the
front end of the heterodyne receiver, where a higher bandwidth capacity is required.  This
bandwidth can later be reduced by either analog or digital processing to a level similar to that
of a single-mode heterodyne receiver.  The complexity of the spread spectrum (modelocked)
transmitter actually tends to be less than that of a wavelength-agile single-mode transmitter.
At short ranges a direct detection system will always have an advantage over a heterodyne
system, since direct detection can utilize both spatial averaging and spread spectrum
operation to provide speckle mitigation, while heterodyne detection can utilize spread
spectrum operation but not spatial averaging.  The heterodyne system advantage will always
occur for longer range operation, where heterodyning can continue to make measurements
after the direct detection system return level has dropped below the system noise floor.
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Figure 1. Illustration of spread spectrum heterodyne, single-mode heterodyne, and
direct detection SNRs as a function of range.

B.  Development Timeline
The Heterodyne / Direct Detection DIAL Comparison (HD/DD DC) experiments utilized
components from two separate systems, the Laser Airborne Remote Sensing (LARS) and
Coherent Remote Optical Sensing System (CROSS).  The LARS program demonstrated the
capability of direct detection DIAL measurements from an airborne platform, achieving
multiple chemical detection at a one-way standoff slant range of greater than 30 km (see
Figure 2)2. As the LARS program was concluding, the CROSS efforts began to develop a
heterodyne DIAL capability, with the eventual goal of extending the operational range to a
one-way standoff slant range of greater than 80 km.  The development timeline for the LARS
and CROSS systems is shown in Figure  3.  The primary development required for the CROSS
program was a wavelength agile, stable CO2 local oscillator capable of high pulse repetition
frequency (PRF) operation (with an eventual PRF goal of greater than 1 kHz).  The
Wavelength Agile Local Oscillator (WALO) was developed to meet the goals of the CROSS
system3, and is discussed in more detail later in this report.

Speckle-Limited  <<------------------>>  Signal-
Limited
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2.  Experimental Information and Configuration

A.  HD/DD DC Equipment Description
The layout of the equipment used in the HD/DD DC experiments is shown in Figure 4.  The
various subcomponents will be described in more detail in the following sections.  A common
transmitter was used as the illumination source for both the heterodyne and direct detection
receivers.  The transmitted light was passed through a gas absorption cell, and the optical
return signal for both receivers also passed through the gas cell.
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Figure 4. Layout of transmitter, direct detection receiver, and heterodyne receiver for
Heterodyne / Direct Detection DIAL Comparison (HD/DD DC) experiments.

B.  Transmitter System
The Breadboard Oscillator (BBO) CO2 laser developed by Textron Systems Corporation was
utilized as the transmitter for the Heterodyne / Direction Detection DIAL Comparison (HD/DD
DC) experiments.  The BBO laser was also used in the Laser Airborne Remote Sensing (LARS)
program, which developed an airborne direct detection DIAL system that demonstrated
simultaneous detection of multiple chemicals at ranges of greater than 30 km (see Figure  2).
The laser and associated cavity optics are shown mounted on the left-hand side of the LARS
airborne optical bench in Figure  5.  The BBO laser is an RF-excited transverse electric
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atmospheric (TEA) CO2 laser with output pulse energies of greater than 4 J on strong CO2

transition lines, and a pulse repetition frequency (PRF) of up to 30 Hz.  For the HD/DD DC
experiments the laser PRF was limited to approximately 1 Hz by the capabilities of the data
acquisition and control system.  The laser uses a mechanical grating to change the output
wavelength in a programmed sequence.  The HD/DD DC experiments commonly utilized
sequences consisting of 12 to 13 of the approximately 60 laser lines accessible by the BBO
using the 12C16O2 isotope in the laser gain medium.  To investigate speckle mitigation the laser
operation was often alternated between non-modelocked and modelocked configurations for
successive data sets.  In both configurations the laser had multiple longitudinal mode output,
but modelocked operation resulted in more longitudinal modes, with higher and more stable
amplitudes.  The key parameters for the BBO laser are given in Table  1.

Figure 5.  Photograph of BBO laser and system on Argus flight bench.

C.  Direct Detection Receiver
A diagram of the LARS bench, comprising both the laser transmitter and the direct detection
receiver, is shown in Figure  6.  The transmit optical path is shown in blue, and is primarily on
the left side of the optical bench.  The direct detection receive signal is shown in purple on the
right side of the optical bench.  The direct detection receiver utilizes a 16” diameter reflective
telescope, with a secondary / pickoff mirror obscuration.  The receive light is focused onto a
0.500 mm diameter liquid nitrogen cooled HgCdTe detector with a bandwidth of 80 MHz.  The
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signal from the detector is sampled at 60 MSa/s, and stored by the LARS Acquisition and
Processing System (LAPS) for use in both quick-look and offline analysis.

Table 1.  BBO Laser Key Parameters
Parameter Value
CO2 Isotope 12C16O2

13C16O2

Pulse Energy > 4 J (strong line, using 12C16O2)
> 50 mJ (weak line)

Pulse Repetition Frequency 30 Hz (maximum)
10 Hz (nominal)

1 Hz (HD-DD DC experiments)
Wavelength Tuning Capability Single shot

Number of Accessible Wavelengths ~ 60 (12C16O2 isotope)
~ 50 (13C16O2 isotope)

Pulse Type Gain switch spike with relaxation tail
Pulse Width ~ 10 µs (non-modelocked)

~ 6 µs (modelocked)
Beam Divergence ~ 1.0 mrad (from laser)

0.285 mrad (transmitted downrange)

BBO Laser

Output
Pulse
Monitor

HeNe Alignment
         Laser

Pointing and
Tracking Gimbal

Receiver
Telescope

Acquisition
Camera

Boresight
Camera

SpectrometerFar-Field
Camera

Near-Field
Camera

Detector
Optics
Package

3.53X Transmit
Beam Expander

Figure 6.  Plan view of laser transmitter and direct detection receiver.
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D.  Wavelength Agile Local Oscillator (WALO)
The Wavelength Agile Local Oscillator (WALO) was developed for stable wavelength agile
operation at high PRFs (> 20 Hz).  The WALO uses a cavity waveguide for the CO 2 gain
medium, with acousto-optic modulators (AOMs) inside the laser cavity for wavelength tuning.
Prior wavelength agile CO2 local oscillators had used mechanical tuning of diffraction
gratings, which tended to be unstable at high PRF operation (> 20 Hz), due to the mechanical
settling time of the moving grating fixture.  The WALO utilized paired AOMs to achieve high
PRF, stable wavelength agile operation.  Since the AOMs utilize acoustic waves to change the
wavelength of light transmitted, the tuning time limit was determined by the propagation time
of the acoustic wave in the transverse direction across the AOM, and the stabilization time of
the CO2 laser into CW operation.  Tuning rates of 500 Hz were demonstrated with the WALO,
which was well beyond the tuning capability of the transmitter laser used in the HD/DD DC
experiments.  Tuning rates of many kHz have been demonstrated by other research groups
utilizing AOMs with CO2 waveguide lasers, so the tuning rates used for the WALO are not at
the limits for this type of technology.  Since there are no moving parts in the design, the
WALO is relatively robust, and well suited to operation in both field and airborne
environments.

E.  Heterodyne Receiver
The CROSS heterodyne receiver is shown in Figure  7.  The receive signal and WALO beams
are combined using a beam splitter, and are focused onto a 0.100 mm x 0.100 mm square
HgCdTe detector with a bandwidth of 800 MHz.
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Figure 7. Layout of heterodyne receiver with Wavelength Agile Local Oscillator
(WALO).

F.  Gas Cell
The gas cell used in the HD/DD DC experiments (see Figure  8) is a 4’ x 4’ x 4’ aluminum cube,
with IR-transmissive polyethylene windows on two sides.  The gas cell was designed for both
gas and liquid chemical insertion.  Gas valves are incorporated into the side panels, and a
funnel mechanism with heated Petry dish is mounted on the top panel to evaporate chemicals
inserted in liquid form.  Fans are mounted inside the cell to provide uniform mixing of the
chemicals inserted.  The cell has been used with gaseous sulfur hexafluoride (SF 6), gaseous
ammonia (NH3), and liquid ammonium hydroxide (NH4OH).  For the HD/DD DC experiments,
only the chemicals in gaseous form (SF6 and NH3) were used.  Insertion of gaseous chemicals
was performed by filling sample cylinders with pure gas to above the ambient atmospheric
pressure.  The sample cylinders were connected to valves on the side of the gas cell (note
sample cylinder attached to valve on right side of cell in Figure  8 photo), which were opened
at the desired point in the experiment to insert the excess pressure from the sample cylinders
into the cell.  After a few seconds the valves were again closed, to prevent all of the gas in the
sample cylinders from leaking into the cell.  Although this insertion procedure is not extremely
precise, it provides a relatively simple method to achieve reasonably predictable and
repeatable results.  From viewing the DIAL absorption plots, it appears that the internal cell
fans cause complete mixing of the chemicals in the cell within 10 sec.  The quick-release door
panels were removed to rapidly evacuate the inserted chemicals between data sets.
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Figure 8.  Photograph of 4’ x 4’ x 4’ gas cell.

G.  Target Sites
Target sites at one-way ranges of 4.320 km (4KS), 7.460 km (7KS), and 14.9 / 15.3 km (15KS)
were developed for use in the HD/DD DC experiments.  Other target sites were also available
at approximately 2 km (2KS), 5 km (5KS), and 6 km (6KS), but were not used in the HD/DD DC
experiments, other than for alignment purposes.  Figure  9 shows the beam paths from the
transmitter location in Building 770 (B770) on Kirtland AFB, to the various target sites.  The

Polyethylene
Window Gas

Sample
Cylinder
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Figure 9. Topographic map with beam paths (blue arrowed lines) from B770 to 2KS,
4KS, 5KS, 6KS, 7KS, and 15KS sites.  The elevation profile from B770 to the
15KS target is shown below the map.
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Figure 10.  Beam height and elevation profile from B770 to the 15KS target.

propagation paths to all of the target sites were within 5º of horizontal, and within 100 m of the
ground at all locations along the paths.  The elevation profile from B770 to the 15KS target is
also shown at the bottom of Figure  9, and is representative of the general elevation profile
characteristics for all of the target sites.  A more detailed plot showing the beam height and
elevation profile from B770 to the 15KS target is given in Figure  10.  A weather station was
operated next to B770 to provide atmospheric pressure, temperature, and humidity
measurements during the experiments.  This information was input into HITRAN-PC, which
was then used to calculate the expected atmospheric transmission along the propagation path.

Photographs of the target sites are shown in Figures 11-15.  Figure  11 shows blueboard and
flame-sprayed aluminum (FSA) targets at the 2KS site used for pointing alignment and system
calibration.  Figure 12 shows the blueboard and berm area targets at the 4KS site.  At the time
the photograph in Figure  12 was taken, only a single blueboard target was present.  In early
April 2003 another blueboard target using non-weathered blueboard panels was constructed
and placed between the old blueboard target and berm illumination locations.  Aluminum
alignment targets and the berm illumination area for the 7KS site are shown in Figure  13.  The
15KS blueboard target is shown in Figure  14.  Two different 15KS target sites were used
during the HD/DD DC experiments.  The first 15KS site was located at ~ 14.9 km, and was used
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until the end of 2002.  The second 15KS site was located at ~ 15.3 km, and was used starting in
2003.  The great majority of the experimental measurements were conducted using the second
site, and all 15KS information given in this report pertains to this location, unless specifically
stated otherwise.  A photograph of the propagation path from B770 to the 15KS target board
is shown in Figure  15.

 
Figure 11. Photographs of left and right sides of the 2KS site, showing the blueboard

target (left, 8’ x 8’) and flame-sprayed aluminum (right, 4’ x 4’) calibration
targets.

Figure 12. Photograph of 4KS target site, showing blueboard target (right of
photograph) and approximate berm illumination area (yellow circle, not
exactly to scale).  In April 2003 a second target using non-weathered
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blueboard panels was constructed and placed on the berm (yellow
rectangle).

Figure 13. Photograph of 7KS target site, showing aluminum (right) and plywood (left)
calibration/pointing target boards and approximate berm illumination area
(yellow circle, not exactly to scale).
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Figure 14.  Photograph of 15KS blueboard target.

Figure 15.  Photograph of propagation path from B770 to 15KS blueboard target.

Target
Board
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Panels of blueboard insulation (8’ x 4’ x 2”) were specially prepared for use at the target sites.
The preparation method consisted of removing the external extruded surface using a 120-grit
belt sander, thereby exposing the diffuse high reflectivity internal material.  It was necessary
to remove the external surface on all surfaces to prevent warping of the blueboard sheets.
The dimensions of the blueboard target at the 4KS site were 12’ long by 8’ wide’, and the
target was placed at approximately a 60º angle of incidence, resulting in a 6’ long x 8’ wide
target cross section.  The beam diameter at the 4KS target is approximately 4’ (285 µrad full-
angle divergence in output space) to the second null of the transmitted beam far-field
distribution, which includes ~ 85% of the total beam energy.  The blueboard target at the 15KS
site was 24’ length x 16’ width at a 45º angle of incidence, resulting in a 17’ x 16’ target cross
section.  The beam diameter at the 15KS target is approximately 9’ to the second null of the
far-field distribution.

Dirt berms were also used as targets at the 4KS and 7KS sites.  The dirt berm reflectivity,
calculated from calibrated direct detection measurements at the 4KS site, was determined to
approximately match a Lambertian reflector with a total reflectivity of 3%, for angles from
normal to near grazing incidence.  For the approximate incidence angle of 60º for the berms, the
reflectivity is therefore approximately 0.005 sr-1.  The blueboard and berm solid-angle
reflectivities are given in Table RR1 for the various target angles used in the HD/DD DC
experiments.  The blueboard provides a high reflectivity for 10 µm radiation, and the
reflectivity does not decrease as quickly with increasing incidence angle as would occur for a
Lambertian target.  It should also be noted that the blueboard reflectivities were measured in
the laboratory immediately after the blueboards were prepared.  The radiometric results which
will be presented later in this report suggest that the blueboard reflectivity decreased
significantly as the boards weathered, since they were continuously exposed to the outside
elements once they were installed at the target sites.  Laboratory reflectivity measurements
have not been conducted on the weathered blueboards.

Table 2.  Blueboard and dirt berm reflectivities
Target
Material

Incidenc
e
Angle

Reflectivity
(sr-1)

Blueboard 0º 0.094
Blueboard 45º 0.070
Blueboard 60º 0.064
Dirt berm 60º 0.005
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3.  Transmit and Receive Temporal and Frequency Characteristics

A detailed understanding of the temporal and frequency characteristics of the laser transmit
and receive signal is required to develop accurate analysis procedures.  The modelocked
(spread spectrum) operation implemented to provide speckle mitigation in the heterodyne
DIAL measurements differs significantly from the more commonly used single-mode
heterodyne technique, and necessitates more demanding system requirements (primarily the
ability to record wideband heterodyne signals, rather than narrowband signals centered on
the heterodyne intermediate frequency).  The signal-to-noise ratio (SNR) advantages of
narrowband operation can be recovered in post-processing of the wideband signals, because
of the frequency-fence structure of the laser modes.  As will be shown, the laser frequency
modes are narrow, and occur at spacings determined by the laser cavity length, allowing the
processing bandwidth to be reduced to only those regions where the return signal occurs.
Since most of the measurements reported in this paper have reasonably good heterodyne SNR
values, this processing bandwidth reduction was studied, but was not implemented for the
analysis results presented.

A.  Modelocked Characteristics
The temporal and temporal frequency characteristics for a single outgoing modelocked laser
pulse are shown in Figure  16.  The outgoing (monitor) pulse characteristics were captured
using direct detection of a small portion (< 1%) of the outgoing beam energy.  Figure  16(a)
shows the common CO2 laser temporal pulse shape, which is composed of a gain-switch spike
and a relaxation tail.  An expanded view showing the modelocked pulse train is given in
Figure 16(b).  The temporal frequency power spectrum showing the multiple cavity
longitudinal modes for the direct detection monitor pulse is shown in Figure  16(c).  The
modelocked characteristics are achieved by placing into the BBO laser cavity an acousto-
optic modulator (AOM) with a sinusoidal variation which matches the cavity round-trip time.
The AOM sinusoidal variation forces the laser cavity longitudinal modes to be in phase with
each other, resulting in the modelocked temporal pulse train.  Modelocking also tends to
generate more longitudinal cavity modes with more stable amplitudes than allowing the laser
to free-run with multiple longitudinal modes (as will be seen in Figures  19 to 21).  The
variations from perfect theoretical modelocking operation seen in the BBO laser pulses are
believed to result mainly from the gradual degradation of the optical coatings on the intra-
cavity AOM.  The AOM was coated primarily for operation at 11.15 µm (13C16O2 10P20), but
was primarily used in the HD/DD DC experiments over the wavelength range 10.25 to 10.70
µm.  In addition, the AOM is an element in an open-air laser cavity, and is therefore in a high
energy density region which is not completely protected from dust particles and
contaminants.  An increase in the visible degradation of the optical coating and in the
difficulty in obtaining optimal modelocking operation was noted during the progress of the
experiments, starting with the insertion of the modelocker in January 2002, and continuing
until the final experiments in August 2003.
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The received temporal heterodyne signal for modelocked operation is shown in Figure  17(a),
with an expanded version shown in Figure  17(b).  Since the transmitted modelocked laser
beam contains multiple longitudinal modes, the transmit laser and local oscillator were not
frequency locked, and multiple intermediate frequencies (up to 100’s of MHz) are present in
the heterodyne signal.  The heterodyne modulation of the modelocked micropulses is
especially evident in Figure  17(b).
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Figure 16. Modelocked laser temporal pulse (direct detection).  (a) entire pulse
waveform, (b) expanded time scale, (c) temporal frequency spectrum.
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Figure 17. Heterodyne receive signal from a modelocke d laser pulse.  (a) entire pulse
waveform, (b) expanded time scale.

Heterodyne temporal frequency spectra for modelocked operation are shown in Figure  18.
The superimposed heterodyne spectra of the signal and local oscillator [calculated from 70-83
µs in Figure 17(a)] are shown in Figure  18(a).  The homodyne spectra for the local oscillator
[calculated from 61-66 µs in Figure 17(a)], with the DC component removed, are shown in
Figure 18(b).  The local oscillator output actually consists of a dominant single longitudinal
cavity mode, with two smaller features, which are denoted as ‘spurs’.  The spurs occur at the
single and double AOM frequency shifts (approximately 77 and 154 MHz).  They are believed
to result from slight impurities in the local oscillator dual intra-cavity AOMs, which causes
some of the unshifted (in wavelength) beam to be scattered into the direction of the shifted
beam.  Since this can happen in both of the AOMs, the local oscillator output can consist of
three frequencies, the desired frequency, a single-shifted frequency, and a double-shifted
frequency.  The exact frequency shifts are slightly different for each local oscillator
wavelength, since the AOM frequency shift required is dependent upon the output
wavelength desired.
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Figure 18. Heterodyne receive signal temporal spectra from a modelocked laser pulse.
(a) signal + local oscillator, (b) local oscillator only, (c) normalized signal
[(signal + local oscillator) / (local oscillator)].

The optical power in the spurs is more than 3 orders of magnitude less than that in the main
local oscillator output, and would not be evident in most heterodyne measurements.  In many
laboratory or short-range heterodyne measurements, the return signal level would be much
higher than that in the spurs.  Also, for many heterodyne systems a single longitudinal mode
transmitter is used, and the intermediate frequency and associated receiver passband would
be significantly lower than the first spur frequency.  In the case of the HD/DD DC
measurements, however, wideband heterodyne detection is required because of the multiple
longitudinal mode (MLM) nature of the transmitter, and the received signal optical power
levels are of the same order of magnitude as those of the local oscillator spurs.  A number of
physical methods to eliminate or significantly reduce the spurs were studied, but it was
determined that a simpler and less costly option was to remove the spurs in the processing
algorithms.  The normalization procedure used for spur removal is described in more detail in
the data processing section.  It should also be noted that the noise level evident in
Figure 17(a) is mainly caused by the 154 MHz beating of the main LO frequency component
with the second spur, and not by the local oscillator shot noise.
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The heterodyne signal temporal frequency power spectrum for modelocked operation is
shown in Figure 18(c), after the normalization procedure has been applied.  As seen in the
Figure, the local oscillator spurs at approximately 77 and 154 MHz are removed by the
normalization procedure, and only the transmit laser cavity modes are present.  The laser
cavity modes are separated by approximately 44 MHz, which corresponds to the cavity round-
trip time (~ 23 ns for a 3.4 m laser cavity length).  The double peak nature of the frequency
modes in Figure 18(c) is believed to result from the DC wrap-around inherent in the
periodogram computation process, with the negative frequency modes happening to nearly
fall back onto the positive frequency modes.  Multiple-peak modes can also result from the
transmit laser containing some multiple TEM output, but this is not believed to be the case in
this instance.

B.  Non-Modelocked Characteristics
The temporal and temporal frequency characteristics for a non-modelocked output pulse are
shown in Figure 19, similar to the presentation in Figure  16 for a modelocked pulse.  The gain-
switch spike and relaxation tail are again evident.  A small after pulse (at 39-40 µs in the plot),
probably resulting from continued RF pumping during the pulse and incomplete cavity
dumping, is also present for this specific pulse.  The expanded scale in Figure  19(b) shows a
significant difference between non-modelocked and modelocked operation.  The effects of
MLM operation are evident in the partial micropulse temporal structure, but the pulses are
overlapped rather than distinct because the longitudinal cavity modes are not phase matched,
as is the case in modelocked operation.  The frequency modes are shown in Figure  19(c).
Multiple modes are present, but as seen in comparison with Figure  16(c), there are fewer
modes for non-modelocked operation, with a more rapid decrease in amplitude away from the
main mode.  This mode structure indicates that non-modelocked operation will result in some
speckle mitigation, but not as much as for modelocked operation.

The heterodyne receive signal from the non-modelocked pulse is shown in Figure  20.  The
heterodyne modulation is evident in Figure  20(b), and follows the pulse envelope seen in
Figure 19(b).
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Figure 19. Non-modelocked laser temporal pulse (direct detection).  (a) entire pulse
waveform, (b) expanded time scale, (c) temporal frequency spectrum.
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Figure 20. Heterodyne receive signal from a non-modelocked laser pulse.  (a) entire
pulse waveform, (b) expanded time scale.
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The heterodyne signal spectra for non-modelocked operation are shown in Figure  21, in
similar fashion to that for modelocked operation shown in Figure  18.  In this case, the
normalized spectrum shown in Figure  21(c) shows the effect of the DC wrap-around, where the
set of frequency modes marked as (1) can be considered as the positive frequency modes, and
those marked as (2) can be considered as the wrapped negative frequency modes.  With this
unwrapping, it can again be seen that the frequency mode spacing is approximately 44 MHz,
as expected.  Comparing Figure  21(c) and 18(c), it can be seen that the modelocked spectrum
contains more modes with higher amplitudes than the non-modelocked spectrum, indicating
that modelocked operation will result in a greater degree of speckle mitigation.
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Figure 21. Heterodyne receive signal temporal spectra from a non-modelocked laser
pulse.  (a) signal + local oscillator, (b) local oscillator only, (c) normalized
signal [(signal + local oscillator) / (local oscillator)].
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4.  Data Analysis and Results

A.  Overview
As described previously, the development of the Coherent Remote Optical Sensing System
(CROSS) began in October 1998, as the Laser Airborne Remote Sensing (LARS) program was
nearing completion.  Equipment development, laboratory system characterization and DIAL
measurements, and preliminary open-air measurements were conducted during 1999, 2000, and
2001.  Although the system continued to be upgraded and improved, the system components
remained essentially the same after the HD/DD DC measurements began in February 2002.
The data sets included in the radiometric, DIAL, and system characterization analyses for this
report are shown in reverse chronological order in Appendix A, Table  A1.

B.  Radiometric Theoretical Analysis
The differential absorption lidar (DIAL) technique utilizes the variations in absorption at
different interrogation wavelengths to determine a ‘spectral fingerprint’ in order to detect and
quantify chemicals in the laser path.  In the simplest scenario, this can be thought of as a two-
wavelength system, with one wavelength tuned to an absorbing feature of a chemical, and the
other wavelength used as a reference which is not absorbed.  In a more general and realistic
scenario, the DIAL problem can be posed in terms of using a sequence of N laser wavelengths
to determine the concentrations for M chemicals.  For the general case, the commonly
presented 2-wavelength DIAL approach may not be usable, since the absorption of one
chemical may interfere with either the on- or off-absorption wavelength of another chemical.  It
should be noted that conceptually there is no difference in the DIAL technique between
measuring the concentrations (see Eq. 1) of the Ma atmospheric and Mm target gases,
although more laser wavelengths are required to measure more gases.  In the HD/DD DC
experiments, the Ma contributions were determined by measuring the atmospheric pressure,
temperature, and humidity, and determining the expected atmospheric transmission (τa) using
an atmospheric model (HITRAN-PC).  The DIAL equation for using N laser wavelengths to
measure M (specifically M m) target gases can be written in the following form

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( ) ( ) ( )( )( )
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= λ η λ η ρ λ τ λ η λ − κ λ∏

(1)

where rE = return energy incident on detector

LE = laser transmit energy
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xη = system optical transmission efficiency

ovη = overlap factor for transmitted beam footprint at the target, target size, and
receiver field-of-view

ρ = ground reflectivity (per solid angle)
Ω = solid angle subtended by the receiver

rη = system optical receiver efficiency

aM = total # of absorbing atmospheric gases

aκ = absorption coefficient o f ath atmospheric constituent

aC = concentration of ath atmospheric constituent

mM = total # of absorbing target gases

mκ = absorption coefficient of mth target gas

mC = concentration of mth target gas

rA = area of receiver
R = one-way range from transmitter to target

aτ = one-way atmospheric transmission (includes absorption of all Ma

atmospheric constituents)

( )mCL =  ( )
R

m
0

C R dR′ ′∫ , concentration-length product for mth target gas.

The above equation assumes a hard target is providing the return signal, and therefore a
column-content measurement is being made.  If a distributed target, such as the atmosphere or
aerosols, provides the return mechanism, the received signal will be spread in time, and a
range-resolved measurement will be made.  The chemometric analysis is performed similarly
for both column-content and range-resolved measurements, but must be done for each range
window in the range-resolved case.  Most long range systems utilize column-content
measurements because of the significantly larger return signal level occurring from hard
targets as compared to atmospheric or aerosol backscatter.

C.  Direct Versus Heterodyne Detection Signal Processing Issues
The differences in the physics of the detection processes between direct and heterodyne
detection requires a complete and accurate understanding of the signal processing techniques
that are used.  One issue that needs to be considered in the heterodyne detection case, is that
the commonly derived heterodyne SNR relation

r
HD qe

P 1
SNR

h 2B
= η

ν
(2)
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for continuous wave heterodyne operation is not directly applicable to the case of a pulsed
laser, where the signal will be integrated to provide a result proportional to the received
energy Er.

In the case of direct detection, the relationships between the current out of the detector IDD,
the instantaneous power received Pr, and the received energy Er are given by

( ) ( ) ( ) ( ) ( )

( ) ( )

2 2 2
DD r r r r r r

DD DD r r
T T

1
I t t a t cos t a P t

2
U I t dt P t dt E

∆ ∆

∝ ε ≅ ω + ϕ ≅ =

= ∝ =∫ ∫
   . (3)

The measured value UDD is the parameter required for both radiometric and DIAL analysis.
Since it is proportional to Er, it is then also directly proportional to the total transmission of
the target gases of interest.  The processing is actually more complicated than the simple
relation given in Eq. 3, but the key relationship between UDD and Er is retained.  The details of
the processing are given in Appendix C, where the code for the primary direct detection
Matlab calculation program DATREDUC.m is reproduced.

Determining an equivalent heterodyne parameter UHD to the direct detection parameter UDD is
significantly more complicated.  There are many different ways to calculate a UHD parameter
for heterodyne detection, all of which are valid (but not necessarily optimal) as long as UHD is
directly proportional to the received energy Er.  In the case of heterodyne detection, the
current out of the detector is given by

( ) ( ) ( ) ( ) ( ) ( )
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   . (4)

The above derivation uses the facts that the heterodyne detector does not respond at optical
frequencies, that the detector or electronics will not pass baseband (DC) signals (thereby
removing the PLO contribution), and that the local oscillator power PLO is significantly larger
than Pr (thereby removing the Pr term).  The above relation has been significantly simplified,
and a more complete relationship would need to include the contribution of the LO spurs, as
seen previously in Figures  18(a) and 21(a).  Since the optical power in the LO spurs is of the
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same order of magnitude as the received instantaneous power Pr, the beat contribution
between the spurs and the main LO mode is also present in the detector output, and occurs at
harmonics of the AOM shift frequency (approximately 77 and 154 MHz).  The presence of the
LO spurs led to the construction of a customized processing technique designed to remove
their effect in the calculation of UHD.

The calculation of UHD is primarily based upon the use of the power spectral density of IHD.
The power spectral density SS+N of IHD is computed over a temporal window where the return
and local oscillator signals are present, and a separate power spectral density SN is computed
over a temporal window where the local oscillator but no signal is present.  UHD is then
calculated from the integration over temporal frequency space of the point-by-point
normalization of SS+N by SN

( )
( )

{ }
{ }

2
S N HDS N

HD ENF ENF r2
NF F N HD

IS f
U df 1 N df 1 N E

S f I

++

∆ ∆

ℑ
= − − = − − ∝∫ ∫

ℑ
   . (5)

Utilizing Rayleigh’s energy theorem, it can be shown that UHD is thereby directly proportional
to Er, as desired.  The factor NENF is termed the excess noise factor, and results from the fact
that point-by-point normalization is a biased processing procedure, due to the nonlinearity of
the division operation.  It can be shown that in the case of no signal, for the parameters used
in the heterodyne processing shown in this report, the division of two random noise signals
results in a value of 1+NENF of approximately 1.150, as compared to a value of unity for an
unbiased processing procedure.  NENF is strictly a function of the heterodyne SNR, with NENF

approaching zero at higher SNRs.  Since the NENF correction is more important at low SNRs
than at higher SNRs, a constant value of NENF = 0.150 corresponding to the no signal case was
used in the processing.  The details of the heterodyne processing are also given in Appendix
C, where the code for the primary heterodyne detection Matlab calculation program
DATREDUC_HD_X3.m is reproduced.

D.  Chemometric Theoretical Analysis
The chemometric processing is performed in exactly the same manner for both direct and
heterodyne detection, since the computed parameters UDD and UHD are both directly
proportional to Er, and therefore to the total transmission of the target gases of interest.  The
most accurate and least complicated method to isolate the absorption caused by M target
gases is, if possible, to perform the same measurement in the absence of the target gases as
will be performed with the gases present.  The initial step in the analysis procedure is to
normalize the receive energy by the transmit energy.  The data are then background
normalized by a no-gas spectrum, leaving the spectral transmission from the target gases only.
For a sequence of N laser lines and M absorbing gases, the set of equations used in the
chemometric analysis can be written as
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where ( )iT λ  is the total transmission at wavelength λi including the contributions from all of

the target gases.

A matrix equation which is linear in the unknowns ( )iCL g  is formed by taking the logarithm

of each equation
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L

(7)

Applying singular-value decomposition (SVD) matrix analysis or other techniques to the
above equation provides a solution ĉ  for the ( )iCL g .  Some of the advantages of the above

chemometric analysis are that all chemical concentrations are solved for simultaneously, and
that all of the spectral information available is used in the analysis.  These characteristics
provide definite improvements over the conventional 2-line DIAL analysis for handling
chemicals with overlapping spectral features.  Some inaccuracies have been noted for
chemicals with overlapping spectral features when using the basic SVD analysis, but it is
believed that applying a scheme to de-weight these wavelengths is feasible, and would
improve the accuracy of the chemometric results.

E.  Radiometric Results
The direct detection radiometric results, presented as the ratio of the expected return signal to
the actual return signal ( DD DD DDˆF U / U= % ) are shown in Figure  22.  The results are from
experiments conducted on different days using both modelocked and non-modelocked
waveforms, and are separated into groups for the four different targets used.  Target #1 was
the earth berm located at the 4KS site, Target #2 was a highly weathered (2-year exposure)
blueboard target at the 4KS site, Target #3 was a moderately weathered (2-month exposure)
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blueboard target at the 4KS site, and Target #4 was the 7KS earth berm.  Data points that were
obvious outliers have been removed from the plot.  As seen in the Figure, there is very good
agreement between the measured and predicted values (within a factor of 1 – 2.5) for the 4 km
and 7 km topographic targets.  This agreement level is reasonable, considering that the DIAL
measurements had the most emphasis, and the radiometric characterization was therefore not
as extensive as had been conducted in past experiments.  Previous precise radiometric
measurements on the direct detection system conducted in 1998 illustrated that the level of
radiometric agreement achievable with the system fully optimized was within a factor of 1 to
1.4.4  The discrepancies seen in Figure  22 for the blueboard targets are most likely caused by
inaccuracies in the assumed blueboard target reflectivity.  The simulation results used
reflectivity values from measurements of the blueboards immediately after they were
fabricated, and before being continuously exposed to the outside elements.  The blueboard
reflectivity is expected to decrease as the target material weathers and blueboard dust
particles build up on the surface, and is a reasonable explanation for the results from the
blueboard targets.  The previous measurements in 1998 were conducted immediately after the
blueboard targets had been fabricated and characterized, and both blueboard and berm return
signals agreed with predictions within the factor of 1 – 1.4 mentioned previously.
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Figure 22.  Direct detection radiometric results.
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The heterodyne radiometric results are shown in Figure  23.  Similarly to the direct detection
results, the ratio of expected to measured return signal HD HD HDˆF U / U= %  is computed.  This
ratio is further normalized by the direct detection ratio FDD, in order to remove any errors
caused by inaccuracies in the assumed reflectivities.  Data points that were obvious outliers
have been removed from the plot.  As seen in the Figure, the heterodyne return signal is
within a factor of approximately 6 to 20 of the expected value.  The heterodyne return signal
simulation includes heterodyne efficiency and signal reduction factors resulting from beam
pattern mismatch between the LO (uniform) and return signal (Airy)5,6; distortion of the return
signal phase front by atmospheric turbulence (assuming a relatively high turbulence level of

2 13 2/3
nC 10 m− −= )7; and loss of signal caused by transmitter beam (pointing) jitter.  Factors

which were not able to be measured and are not included in the simulation include non-
uniformity in the detector quantum efficiency (probably a negligible factor); misalignment of
the transmitter footprint and receiver field-of-view (also probably a negligible factor); phase
front curvature from misfocusing of the heterodyne receiver telescope (also probably
negligible); and angular misalignment of the LO and receiver signal on the detector (possibly a
factor of ~2 reduction).  It should also be noted that the results of Frehlich and Kavaya [1991] 8

suggest that the coherence loss factor caused by atmospheric turbulence may be significantly
worse than that given by Clifford and Wandzura [1981]7 and used in this paper.
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Overall, the difference between the expected and measured heterodyne signal levels is larger
than expected, but not significantly, and could most likely be significantly reduced with a
more precise system optimization.  The best agreement noted to date between expected and
actual return heterodyne signal levels for comparable systems is a factor of ~4 9, with most
systems reporting a 5 – 10 dB (factor of 3 – 10)10,11,12,13 reduction.  With the possible loss
factors not included in the analysis of the CROSS system, and the added complexity inherent
in a fully wavelength-agile heterodyne system, a reduction factor of 6 – 20 compares favorably
with the previous reduction factors from other researchers of 3- 10.

F.  Chemometric Results (Case Studies)
The absorption spectra for SF6 and NH3 are shown in Figure  24.  The x’s indicate the
absorption coefficients for the chemicals at the specific wavelengths in the 10R and 10P bands
for the 12C16O2 laser isotope being used for the experiments.  SF6 has a broad absorption
feature, which will affect most of the 10P laser lines.  NH3 has a much narrower absorption
spectrum, and has its only significant absorption on the 10R14 laser line.  For the HD/DD DC
experiments, only 3-4 of the 10R lines shown on the plot (between ~ 969-982 cm-1) were used in
the laser sequence.
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Figure 24.  Absorption spectra overlap with 12C16O2 laser wavelengths for SF6 and NH3.

The results from the HD/DD DC tests using the spread spectrum (modelocked) transmit
waveform and the diffuse blueboard target at the 4 km site are shown in Figure  25.  The
absorption plots for both the direct detection and heterodyne return signals are shown on the
left of the Figure.  The horizontal axis in these plots corresponds to time, while the vertical axis
shows the laser wavelengths transmitted.  From sequences 1 to 40, there was no SF 6 present
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in the absorption cell.  Around sequence 40, a first SF6 insertion was made, and a second SF6

insertion was made near sequence 70.  The SF6 absorption signature is seen clearly in both of
the absorption plots, although the direct detection plot is cleaner.  Rough calculations of the
expected single shot SNR give a direct detection SNRDD ~ 5, resulting from speckle spatial
averaging, and a heterodyne single shot SNRHD ~ 2.5, resulting from approximately 6 effective
modes in the transmitted modelocked spectrum.  After the DIAL processing techniques are
applied, the SNRs shown in the absorption plots become SNRDD ~ 14 and SNRHD ~ 7.  The
graph on the bottom right of the Figure shows the computed concentration-length (CL)
products as a function of time for both techniques.  The table on the top right summarizes the
measured CLs in each of the three reference / insertion regions.  The results from the two
detection techniques differ by less than 12%, which is reasonably good agreement given the
number of uncontrolled variables in the experiment.

The results from the HD/DD DC tests using the spread spectrum (modelocked) transmit
waveform and the topographic target at the 7.5 km site are shown in Figure  26.  The SF6

insertion timeline is essentially the same as that described for Figure  25.  The SF6 signature is
again evident in both of the absorption plots.  The expected single shot SNRs are the same as
for the 4 km measurements (SNRDD ~ 5 and SNRHD ~ 2.5).  After the processing techniques are
applied, the SNRs become SNRDD ~ 14 and SNRHD ~ 5, indicating that the direct detection
results are similar at both ranges, and the heterodyne results were slightly degraded at the
longer range.  In this case, the results from the two detection techniques differ by less than
20%, which is still reasonably good agreement.
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HD/DD DIAL Comparison Test
020926_000T2D (Modelocking On, 7KS Berm)

H
et

er
od

yn
e

D
ire

ct
 d

et
ec

tio
n

6.05.1 (DD)
5.7 (HD)

11.71 ± 0.72 (DD)
13.02 ± 1.71 (HD)

80 - 95Insertion
#2

3.02.7 (DD)
3.3 (HD)

6.13 ± 0.60 (DD)
7.65 ± 0.97 (HD)

50 - 65Insertion
#1

----0.02 ± 0.58 (DD)
0.30 ± 1.68 (HD)

5 - 35Reference

Expected
∆p  (psi)

Measured
∆ p (psi)

Measured CL
(ppm-m)

Sequences

-4

-2

0

2

4

6

8

10

12

14

16

18

20

0 1 0 20 30 40 50 6 0 70 80 90 100

020926_000T2D_CL05s
Modelocking On; 7KS Berm

Direct Detection
Heterodyne

S
F6

 (
pp

m
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

Figure 26.  Results from 020926 experiment using topographic returns at the 7.5 km site.

Results from a dual insertion of SF6 and NH3 are shown in Figure 27.  The SF6 was inserted
around sequence 40, and the NH3 was inserted near sequence 70.  As shown in Figure  24, SF6

exhibits absorption on most of the 10P laser lines, while NH3 has significant absorption only at
the 10R14 wavelength.  The CL values for SF6 and NH3 measured with both the direct
detection and heterodyne receivers are shown on the plot.
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HD/DD DIAL Comparison Test 030416_T2D
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Figure 27. Results from 030416 dual SF6 and NH3 experiment using topographic returns
at 7.5 km.

Heterodyne and direct detection DIAL results using the blueboard target at a range of 15 km
are shown in Figures 28 and 29.  The direct detection DIAL results are significantly noisier
than at shorter ranges, which is expected since at longer horizontal ranges the direct detection
system is signal-limited, and is therefore no longer in the speckle-limited regime.  The direct
detection signal level for the 030612 data set is extremely low, which causes significant errors
in the DIAL intermediate normalization processing algorithm, and appears as the physically
incorrect result of the measured absorption being saturated.  The heterodyne DIAL results
also show some degradation, but not to as great an extent as the direct detection results,
which indicates that the heterodyne system is still operating in the speckle-limited regime, as
expected.
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HD/DD DIAL Comparison Test
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Figure 28. Results from the 021218 experiment using the blueboard at the 15 km site.
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Figure 29. Results from the 030612 dual SF6 and NH3 experiment using the blueboard at
15 km.
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G.  Chemometric Results (Compilation and Comparisons)
This section will provide a summary of the DIAL chemometric results for the HD/DD DC
experiments.  Detailed results for all of the primary HD/DD DC experiments are shown in
Appendix B.  The expected and measured concentration-length (CL) products from all of the
HD/DD DC data sets used in this report are shown in Figure  30.  Prior to March 2004 (~ Day
#60), the common experiment technique was to begin data collection with no gas in the cell,
then add SF6 approximately 1/3 of the way through the data set, and then add more SF6

approximately 2/3 of the way through the data set.  The initial SF6 insertion CL measurements
are shown in blue in the Figure, with the second SF6 CL measurements shown in green.  After
March 2004, the experiment technique was changed to normally have the first insertion with
SF6 (shown in blue), and the second insertion with NH3 (shown in red).  The dashed lines on
the plots have no significance, but are shown to more clearly indicate the different gas
insertions.  To reduce clutter from overlap of the symbols on the plot, measurements from the
4KS blueboards (4KS BB) were shifted left by ½ day, and measurements from the 7KS berm
were shifted right by ½ day.
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Although there is a significant amount of scatter in the results shown in Figure  30, a few
general conclusions can be drawn.  During the time period of these measurements, both the
heterodyne and direct detection DIAL systems were being continually improved, both with
respect to the equipment, and to the alignment and experimental procedures.  This is
evidenced by noting that prior to March 2004, the measured CL results were significantly
lower than the expected values, and the measured CLs never significantly exceeded the
expected values.  After March 2004, the measured CLs still tended to be lower than the
expected values, but were closer to the expected value, and sometimes exceeded it.  This
improvement continued until the final measurements made in August of 2004.

It is believed that the measured CL’s being consistently lower than expected probably results
from a systematic error, possibly from inaccuracies in the gas insertion procedure or from
errors in the compensation of the spectral absorption coefficients for the experiment
atmospheric pressure and temperature.  Since the primary purpose of the HD/DD DC
experiment series was to compare heterodyne and direct detection DIAL, relative results were
emphasized, and extraordinary efforts were not made to calibrate the system for absolute
accuracy.  Previous measurements of SF6, NH3, and Freon R-134A made during ground tests
in 19984 with only the LARS direct detection DIAL system showed slightly more accurate
DIAL results than achieved with the HD/DD DC direct detection measurements.  The more
accurate results in 1998 were possible primarily because only a single system and single target
were being used, allowing more meticulous alignment and system calibration.  The more
complex nature of the HD/DD DC experiment reduced the capability to optimize all of the
system components simultaneously, and would be expected to result in reduced DIAL
measurement accuracy.  Even with the slightly reduced accuracy, the comparisons between
the heterodyne and direct detection DIAL results are still valid and provide the key
information required to analyze and compare the capabilities of the techniques.

To better study the effects of the various system parameters on the DIAL accuracy, the
measurements were separated into groups by the experiment and system parameters.  A
summary of the DIAL results for these related measurements is given in Table  3.  The Table
separates the measurements by the detection technique used, the target gas, the modelocking
configuration, the time period when the measurements were made, the number of individual
measurements included in the group, and the average and standard deviation of the measured
to expected concentration-length (CL) ratio.  It should be noted that even though there were
more than 158 individual DIAL measurements made, the compiled grouping results may still
not be statistically significant, since there are many parameters which may affect the DIAL
measurements, resulting in a small number of similar measurements for each grouping.  The
DIAL results have a significant amount of scatter, and an empirical decision was made to
consider any individual values which fell below 50% or above 150% of the expected CL to be
outliers, and to remove these values from the analysis.
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Table 3.  Summary of DIAL Results
Target Detection

Techniqu
e

Target
Gas

Mode-
locking

Time
Segment

Number of
Measurement

s

Measured /
Expected CL

Ratio
4KS BB DD SF6 On Post–Mar

04
5 0.99 ± 0.15

4KS BB DD SF6 Off Post–Mar
04

6 0.93 ± 0.10

4KS BB HD SF6 On Post–Mar
04

6 0.77 ± 0.17

4KS BB HD SF6 Off Post–Mar
04

5 0.78 ± 0.18

7KS Berm DD SF6 On Post–Mar
04

7 0.68 ± 0.24

7KS Berm DD SF6 Off Post–Mar
04

8 0.78 ± 0.28

7KS Berm HD SF6 On Post–Mar
04

7 0.87 ± 0.16

7KS Berm HD SF6 Off Post–Mar
04

8 0.76 ± 0.14

4KS BB DD NH3 On Post–Mar
04

5 0.98 ± 0.06

4KS BB DD NH3 Off Post–Mar
04

5 0.93 ± 0.10

4KS BB HD NH3 On Post–Mar
04

4 0.78 ± 0.26

4KS BB HD NH3 Off Post–Mar
04

3 0.59 ± 0.14

7KS Berm DD NH3 On Post–Mar
04

5 0.79 ± 0.18

7KS Berm DD NH3 Off Post–Mar
04

7 0.82 ± 0.16

7KS Berm HD NH3 On Post–Mar
04

7 0.83 ± 0.20

7KS Berm HD NH3 Off Post–Mar
04

6 0.84 ± 0.34

4KS BB DD SF6 (Low) On Pre–Mar 04 5 0.82 ± 0.08
4KS BB DD SF6 (Low) Off Pre–Mar 04 5 0.80 ± 0.12
4KS BB HD SF6 (Low) On Pre–Mar 04 5 0.55 ± 0.24
4KS BB HD SF6 (Low) Off Pre–Mar 04 5 0.59 ± 0.16
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4KS BB DD SF6 (High) On Pre–Mar 04 5 0.80 ± 0.09
4KS BB DD SF6 (High) Off Pre–Mar 04 5 0.77 ± 0.04
4KS BB HD SF6 (High) On Pre–Mar 04 5 0.59 ± 0.14
4KS BB HD SF6 (High) Off Pre–Mar 04 5 0.61 ± 0.11

7KS Berm DD SF6 (Low) On Pre–Mar 04 3 0.81 ± 0.08
7KS Berm DD SF6 (Low) Off Pre–Mar 04 3 0.71 ± 0.12
7KS Berm HD SF6 (Low) On Pre–Mar 04 3 0.84 ± 0.15
7KS Berm HD SF6 (Low) Off Pre–Mar 04 3 0.67 ± 0.25
7KS Berm DD SF6 (High) On Pre–Mar 04 3 0.70 ± 0.04
7KS Berm DD SF6 (High) Off Pre–Mar 04 3 0.68 ± 0.13
7KS Berm HD SF6 (High) On Pre–Mar 04 3 0.82 ± 0.16
7KS Berm HD SF6 (High) Off Pre–Mar 04 3 0.64 ± 0.17

The average measured-to-expected CL ratios are shown in Figure  31 for the different data
groupings, and the standard deviation of the ratios are shown in Figure  32.  The data points
are again slightly offset on the x-axis for the different groupings to reduce clutter from overlap
of the symbols.  As noted previously, definitive conclusions probably should not be drawn
from this data because the statistical significance is questionable because of the small number
of data points included in each grouping, but some probable conclusions can still be made:

1) The pre-March measured CL values are generally lower than those from post-March.
As stated previously, this is believed to result from improvements in the system hardware and
the experimental alignment and procedures.  Because of this effect, it is generally better to rely
more on the post-March data to draw conclusions about the effects of the different
parameters on the DIAL accuracy.

2) The direct detection measurements from the 4KS BB appear to give the most accurate
DIAL results, with the closest match to the expected CL value, and the least variability.
Referring to Figure 1, this is expected since in the HD/DD DC experiments the direct detection
system is expected to outperform the heterodyne system in the speckle-limited regime.  This is
a result of direct detection spatial averaging providing more speckle mitigation than is
achievable with the heterodyne spread spectrum operation in the system configurations used
for the HD/DD DC experiments.  It should be noted that the amount of speckle mitigation for
the heterodyne system could be significantly and easily increased by designing the laser
transmitter to include more frequency modes than was possible with the specific BBO laser
configuration used in these experiments.

3) The direct detection system tends to be in the transition region between speckle- and
signal-limited operation at 7 km, while the heterodyne system is still in the speckle-limited
region.  The DIAL measurement accuracies and variabilities are generally similar for direct
detection operation at 7 km, and heterodyne operation at both 4 km and 7 km.  This is seen for
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both SF6 and NH3, in the post-March data.  A possible explanation for this behavior is that the
heterodyne system is operating in the speckle-limited regime at both 4 km and 7 km, while the
direct detection system is in the speckle-limited regime at 4 km, but is entering the transition
region between speckle- and signal-limited operation at 7 km (see Figure 1).

4) Modelocking improves heterodyne DIAL accuracy.  This is most easily seen by noting
that the modelocked heterodyne results from 7 km are closer to the expected CL value, and
have lower variability than the non-modelocked results.  The same results are expected from
the 4 km measurements, but the 4 km data does not conclusively support or contradict the
expected result.

5) Direct detection results are better with modelocking off.  Since spatial averaging is
the primary speckle mitigation technique for direct detection, it is expected that the increased
laser power available with non-modelocked operation will provide the best results.  The
results shown in Figures  31 and 32 generally support this conclusion.  A possible reason that
not all of the data points demonstrate this result, is that it appears that the system transmit
pointing jitter is reduced when using the modelocked pulse train, which improves the DIAL
results.
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Figure 31.  Average measured CL / expected CL ratio.
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5.  Summary and Conclusions

The HD/DD DC experiments were designed to provide a direct, simultaneous comparison of
the radiometric and chemical detection sensitivities of the heterodyne and direct detection
receiver techniques.  Many parameters affect radiometric and DIAL accuracy, and it is often
not clear why measurements differ from the expected results.  Numerous unresolved issues
exist about the capabilities and characterizations of DIAL systems, especially with respect to
systems utilizing heterodyne detection.  In order to address some of the major issues, and to
provide an empirical comparison of performance when the effects of all individual factors can
not be determined, an experiment technique was developed that provided the first direct
simultaneous comparisons of heterodyne and direct detection DIAL measurements.

The radiometric results showed that the direct detection return signal was within a factor of 1
to 2.5 of the expected value, while the heterodyne return signal was within a factor of 6 to 20.
Previous specialized direct detection radiometric efforts at AFRL/DE had resulted in
agreement factors of approximately 1 to 1.4.  The premier heterodyne radiometric efforts by
other research groups have demonstrated agreement factors of 3 to 10.  The level of
radiometric agreement achieved in the HD/DD DC experiments is reasonable in comparison
with these previous efforts, considering that the primary focus of the experiments was on
multiple wavelength DIAL measurements, which significantly increases the system complexity
with respect to single wavelength measurements.

A primary issue concerning the accuracy of heterodyne DIAL measurements is the sensitivity
of the heterodyne detection process to speckle, which directly affects chemical detection
capability.  For the HD/DD DC measurements a speckle mitigation technique utilizing a spread
spectrum (modelocked) transmit waveform was employed and studied.  The heterodyne DIAL
results showed slightly higher variability (within a factor of 2, as determined from the minimum
detectable absorption level) than the direct detection results, but were much better than the
results that would be expected from a heterodyne system not employing a speckle mitigation
concept.

The measurements also indicate that the relative DIAL performance of heterodyne detection
improves with increasing range in comparison with direct detection, as would be expected.
The ability of heterodyne systems to maintain speckle limited performance at ranges where
direct detection systems become signal limited allows smaller systems to be used for the same
range requirements, and allows a longer standoff range to be achieved with similar size
systems.

The primary conclusion of the HD/DD DC experiment series is that heterodyne DIAL is a
feasible and demonstrated technique, and has definite utility, especially for long standoff
range operation.
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Appendix A.  HD/DD DC Datasets

Table A1.  HD/DD DC Datasets
Date

(yymmdd)
Used

in
Figure

Filename Target Modelocke
d

Gas / System Configuration

030828 Test 15KS BB No No gas cell
030828 Test1a 4KS BB (old) No No gas cell
030828 Test1b 4KS BB (old) Yes No gas cell
030828 Test1c 4KS berm No No gas cell
030828 Test1d 4KS berm Yes No gas cell
030828 Test2a 4KS BB (new) No No gas cell
030828 Test2b 4KS BB (new) No Empty cell / SF6 / NH3
030828 Test2c 4KS BB (new) Yes No gas cell
030828 Test2d 4KS BB (new) Yes Empty cell / SF6 / NH3
030828 Test3a 7KS berm No No gas cell
030828 Test3b 7KS berm No Empty cell / SF6 / NH3
030828 Test3c 7KS berm Yes No gas cell
030828 Test3d 7KS berm Yes Empty cell / SF6 / NH3
030828 Test4a None No System characterization test

030826 Test1a 4KS BB (old) No No gas cell
030826 Test1b 4KS BB (old) Yes No gas cell
030826 Test1c 4KS berm No No gas cell
030826 Test1d 4KS berm Yes No gas cell
030826 Test1e 4KS berm No No gas cell
030826 Test2a 4KS BB (new) No No gas cell
030826 Test2b 4KS BB (new) No Empty cell / SF6 / NH3
030826 Test2c 4KS BB (new) Yes No gas cell
030826 Test2d 4KS BB (new) Yes Empty cell / SF6 / NH3
030826 Test3a 7KS berm No No gas cell
030826 Test3b 7KS berm No Empty cell / SF6 / NH3
030826 Test3c 7KS berm Yes No gas cell
030826 Test3d 7KS berm Yes Empty cell / SF6 / NH3

030820 Test1a 4KS BB (old) No No gas cell
030820 Test1b 4KS BB (old) Yes No gas cell
030820 Test1c 4KS berm No No gas cell
030820 Test1d 4KS berm Yes No gas cell
030820 Test5a None No System characterization test
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030807 Test1a 4KS BB (old) No No gas cell
030807 Test1b 4KS BB (old) Yes No gas cell
030807 Test1c 4KS berm No No gas cell
030807 Test1d 4KS berm Yes No gas cell
030807 Test2a 4KS BB (new) No No gas cell
030807 Test2b 4KS BB (new) No Empty cell / SF6 / NH3
030807 Test2c 4KS BB (new) Yes No gas cell
030807 Test2d 4KS BB (new) Yes Empty cell / SF6 / NH3
030807 Test3a 7KS berm No No gas cell
030807 Test3b 7KS berm No Empty cell / SF6 / NH3
030807 Test3c 7KS berm Yes No gas cell
030807 Test3d 7KS berm Yes Empty cell / SF6 / NH3

030724 Test1a 4KS BB (old) No No gas cell
030724 Test1b 4KS BB (old) Yes No gas cell
030724 Test1c 4KS berm No No gas cell
030724 Test1d 4KS berm Yes No gas cell
030724 Test1e 4KS BB (new) No No gas cell
030724 Test1f 4KS BB (new) Yes No gas cell
030724 Test2a 7KS berm No No gas cell
030724 Test2b 7KS berm No Empty cell / SF6 / NH3
030724 Test2c 7KS berm Yes No gas cell
030724 Test2d 7KS berm Yes Empty cell / SF6 / NH3

030612 Test1a 4KS BB (old) No No gas cell
030612 Test1b 4KS BB (old) Yes No gas cell
030612 Test1c 4KS berm No No gas cell
030612 Test1d 4KS berm Yes No gas cell
030612 Test1e 4KS BB (new) No No gas cell
030612 Test1f 4KS BB (new) Yes No gas cell
030612 Test2a 7KS berm No No gas cell
030612 Test2b 7KS berm No Empty cell / SF6 / NH3
030612 Test2c 7KS berm Yes No gas cell
030612 Test2d 7KS berm Yes Empty cell / SF6 / NH3
030612 Test3a 15KS BB No No gas cell
030612 Test3b 15KS BB No Empty cell / SF6 / NH3
030612 Test3c 15KS BB Yes No gas cell
030612 29 Test3d 15KS BB Yes Empty cell / SF6 / NH3

030604 Test1a 4KS BB (old) Out No gas cell
030604 Test1b 4KS berm Out No gas cell
030604 Test1c 4KS BB (new) Out No gas cell
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030604 Test1d 4KS BB (new) Out Empty cell / SF6 / NH3
030604 Test2a 7KS berm Out No gas cell
030604 Test2b 7KS berm Out Empty cell / SF6 / NH3

030529 Test1a 4KS BB (old) No No gas cell
030529 Test1b 4KS BB (old) Yes No gas cell
030529 Test2a 4KS berm No No gas cell
030529 Test2b 4KS berm Yes No gas cell
030529 Test3a 4KS BB (new) No No gas cell
030529 Test3b 4KS BB (new) No Empty cell / SF6 / NH3
030529 Test3c 4KS BB (new) Yes No gas cell
030529 Test3d 4KS BB (new) Yes Empty cell / SF6 / NH3
030529 Test4a 7KS berm No No gas cell
030529 Test4b 7KS berm No Empty cell / SF6 / NH3
030529 Test4c 7KS berm Yes No gas cell
030529 Test4d 7KS berm Yes Empty cell / SF6 / NH3

030527 Test1a None N/A System char. (HD bias
current)

030527 Test1b None N/A System char. (HD bias
current)

030527 Test1c None N/A System char. (HD bias
current)

030527 Test1d None N/A System char. (HD bias
current)

030522 Test1a 4KS BB (new) No System characterization
030522 Test1b 4KS BB (new) Yes System characterization

030502 Test1a 4KS BB (new) No System characterization
030502 Test1b 4KS BB (new) Yes System characterization

030416 Test1a 4KS BB (new) No No gas cell
030416 Test1b 4KS BB (new) No Empty cell / SF6 / NH3
030416 Test1c 4KS BB (new) Yes No gas cell
030416 Test1aa 4KS BB (new) No No gas cell
030416 Test1d 4KS BB (new) Yes Empty cell / SF6 / NH3
030416 Test2a 7KS berm No No gas cell
030416 Test2b 7KS berm No Empty cell / SF6 / NH3
030416 Test2c 7KS berm Yes No gas cell
030416 27 Test2d 7KS berm Yes Empty cell / SF6 / NH3

030415 Test1a 4KS BB (old) No No gas cell
030415 Test1b 4KS BB (old) Yes No gas cell
030415 Test1c 4KS BB (new) Yes No gas cell
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030415 Test1d 4KS BB (new) Yes Empty cell / SF6 / NH3
030415 Test1e 4KS BB (new) No No gas cell
030415 Test1f 4KS BB (new) No Empty cell / SF6 / NH3

030401 Test1a 4KS BB (old) No No gas cell
030401 Test1b 4KS BB (old) No Empty cell / SF6 / SF6
030401 Test1c 4KS BB (old) Yes No gas cell
030401 Test1d 4KS BB (old) Yes Empty cell / SF6 / SF6
030401 Test1e 4KS berm No No gas cell
030401 Test1f 4KS berm Yes No gas cell
030401 Test2a 7KS berm No No gas cell
030401 Test2b 7KS berm No Empty cell / SF6 / SF6
030401 Test2c 7KS berm Yes No gas cell
030401 Test2d 7KS berm Yes Empty cell / SF6 / SF6
030401 Test3a 6KS CC No No gas cell
030401 Test3b 6KS CC No Empty cell / SF6 / SF6
030401 Test3c 6KS CC Yes No gas cell
030401 Test3d 6KS CC Yes Empty cell / SF6 / SF6

030321 Test1a 6KS CC No No gas cell
030321 Test1b 6KS CC Yes No gas cell
030321 Test1c 6KS CC Yes No gas cell
030321 Test2a 4KS BB (old) No No gas cell

030224 Test1a 4KS BB (old) No No gas cell
030224 Test1b 4KS BB (old) No Empty cell / SF6 / SF6
030224 Test1c 4KS BB (old) Yes No gas cell
030224 Test1d 4KS BB (old) Yes Empty cell / SF6 / SF6
030224 Test2a 4KS BB (old) No No gas cell
030224 Test2b 4KS BB (old) No Empty cell / SF6 / SF6
030224 Test2c 4KS BB (old) Yes No gas cell
030224 Test2d 4KS BB (old) Yes Empty cell / SF6 / SF6
030224 Test3a 4KS BB (old) No No gas cell
030224 Test3b 4KS BB (old) No Empty cell / SF6 / SF6
030224 Test3c 4KS BB (old) Yes No gas cell
030224 Test3d 4KS BB (old) Yes Empty cell / SF6 / SF6
030224 Test4a 7KS berm No No gas cell
030224 Test4b 7KS berm No Empty cell / SF6 / SF6
030224 Test4c 7KS berm Yes No gas cell
030224 Test4d 7KS berm Yes Empty cell / SF6 / SF6

030204 Test1a 4KS BB (old) No Empty cell / SF6 / SF6
030204 Test1b 4KS BB (old) Yes Empty cell / SF6 / SF6
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030204 Test1c 4KS BB (old) No Empty cell / SF6 / SF6
030204 Test1d 4KS BB (old) Yes Empty cell / SF6 / SF6
030204 Test1e 4KS BB (old) No No gas cell
030204 Test1f 4KS BB (old) Yes No gas cell
030204 Test2a 7KS berm No No gas cell
030204 Test2b 7KS berm No Empty cell / SF6 / SF6
030204 Test2c 7KS berm Yes Empty cell / SF6 / SF6
030204 Test2d 7KS berm Yes No gas cell

030129 Test1a 4KS BB (old) No No gas cell
030129 Test1b 4KS BB (old) No Empty cell / SF6 / SF6
030129 Test1c 4KS BB (old) Yes No gas cell
030129 Test1d 4KS BB (old) Yes Empty cell / SF6 / SF6
030129 Test2a 7KS berm No No gas cell
030129 Test2b 7KS berm No Empty cell / SF6 / SF6
030129 Test2c 7KS berm Yes No gas cell
030129 Test2d 7KS berm Yes Empty cell / SF6 / SF6

030123 Test1a 4KS BB (old) No No gas cell
030123 Test1b 4KS BB (old) No Empty cell / SF6 / SF6
030123 Test1c 4KS BB (old) Yes No gas cell
030123 Test1d 4KS BB (old) Yes Empty cell / SF6 / SF6
030123 Test2a 7KS berm No No gas cell
030123 Test2b 7KS berm No Empty cell / SF6 / SF6
030123 Test2c 7KS berm Yes No gas cell
030123 Test2d 7KS berm Yes Empty cell / SF6 / SF6

021218 Test1a 4KS BB (old) No No gas cell
021218 Test1b 4KS BB (old) No Empty cell / SF6 / SF6
021218 Test1c 4KS BB (old) Yes No gas cell
021218 Test1d 4KS BB (old) Yes Empty cell / SF6 / SF6
021218 Test2a 7KS berm No No gas cell
021218 Test2b 7KS berm No Empty cell / SF6 / SF6
021218 Test2c 7KS berm Yes No gas cell
021218 Test2d 7KS berm Yes Empty cell / SF6 / SF6
021218 Test3a 15KS BB No No gas cell
021218 Test3b 15KS BB No Empty cell / SF6 / SF6
021218 Test3c 15KS BB No No gas cell
021218 28 Test3d 15KS BB No Empty cell / SF6 / SF6
021218 Test3e 15KS BB Yes No gas cell
021218 Test3f 15KS BB Yes Empty cell / SF6 / SF6

021217 Test1a 15KS BB No No gas cell
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021217 Test2a 4KS BB (old) No No gas cell
021217 Test2b 4KS BB (old) No Empty cell / SF6 / SF6
021217 Test2c 4KS BB (old) Yes No gas cell
021217 Test2d 4KS BB (old) Yes Empty cell / SF6 / SF6

020926 Test1a 4KS BB (old) No Empty cell / SF6 / SF6
020926 Test1b 4KS BB (old) No No gas cell
020926 Test1c 4KS BB (old) Yes No gas cell
020926 25 Test1d 4KS BB (old) Yes Empty cell / SF6 / SF6
020926 Test1e 4KS BB (old) Yes No gas cell
020926 Test1f 4KS BB (old) Yes Empty cell / SF6 / SF6
020926 Test2a 7KS berm Yes No gas cell
020926 Test2b 7KS berm Yes Empty cell / SF6 / SF6
020926 Test2c 7KS berm Yes No gas cell
020926 26 Test2d 7KS berm Yes Empty cell / SF6 / SF6
020926 Test2e 7KS berm No No gas cell
020926 Test2f 7KS berm No Empty cell / SF6 / SF6

020916 Test1a 4KS BB (old) No Empty cell / SF6 / SF6
020916 Test1b 4KS BB (old) No No gas cell
020916 Test1c 4KS BB (old) Yes No gas cell
020916 Test1d 4KS BB (old) Yes Empty cell / SF6 / SF6
020916 Test2a 7KS berm No No gas cell
020916 Test2b 7KS berm No Empty cell / SF6 / SF6
020916 Test2c 7KS berm Yes No gas cell
020916 Test2d 7KS berm Yes Empty cell / SF6 / SF6

020821 Test1a 4KS BB (old) Yes Empty cell / SF6 / SF6
020821 Test1b 4KS BB (old) Yes No gas cell
020821 Test1c 4KS BB (old) No No gas cell
020821 Test1d 4KS BB (old) No Empty cell / SF6 / SF6
020821 Test2a 7KS berm Yes No gas cell
020821 Test2b 7KS berm Yes Empty cell / SF6 / SF6
020821 Test2c 7KS berm No No gas cell
020821 Test2d 7KS berm No Empty cell / SF6 / SF6

020806 Test1a 4KS BB (old) Yes No gas cell
020806 Test1b 4KS BB (old) Yes Empty cell / SF6 / SF6
020806 Test1c 4KS BB (old) No No gas cell
020806 Test1d 4KS BB (old) No Empty cell / SF6 / SF6

020717 Test1a 4KS BB (old) No No gas cell, 10P20 only
020717 Test1c 4KS BB (old) No No gas cell, 10P20 only
020717 Test1d 4KS BB (old) Yes No gas cell, 10P20 only
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020717 Test2a 4KS BB (old) No Empty cell / SF6 / SF6
020717 Test2b 4KS BB (old) No No gas cell
020717 Test2c 4KS BB (old) Yes No gas cell
020717 Test2d 4KS BB (old) Yes Empty cell / SF6 / SF6
020717 Test3a 7KS berm No No gas cell, 10P20 only
020717 Test3b 7KS berm Yes No gas cell, 10P20 only
020717 Test4a 7KS berm No No gas cell
020717 Test4b 7KS berm Yes No gas cell

020711 Test1a 4KS BB (old) No No gas cell, 10P20 only
020711 Test1b 4KS BB (old) Yes No gas cell, 10P20 only
020711 Test2a 4KS BB (old) No Empty cell / SF6 / SF6
020711 Test2b 4KS BB (old) No No gas cell
020711 Test2c 4KS BB (old) Yes No gas cell
020711 Test2d 4KS BB (old) Yes Empty cell / SF6 / SF6
020711 Test3a None No System characterization test
020711 Test3b None Yes System characterization test

020710 Test1a 4KS BB (old) No No gas cell, 10P20 only
020710 Test2a 4KS BB (old) Yes No gas cell, 10P20 only
020710 Test3a 4KS BB (old) No Empty cell / SF6 / SF6
020710 Test3b 4KS BB (old) Yes Empty cell / SF6 / SF6
020710 Test3c 4KS BB (old) No No gas cell
020710 Test3d 4KS BB (old) Yes No gas cell
020710 Test4a 7KS berm No No gas cell
020710 Test4b 7KS berm Yes No gas cell
020710 Test4c 7KS berm No Empty cell / SF6 / SF6
020710 Test4d 7KS berm Yes Empty cell / SF6 / SF6

020703 Test1a 4KS BB (old) No No gas cell, 10P20 only
020703 Test1b 4KS BB (old) Yes No gas cell, 10P20 only
020703 Test2a 4KS BB (old) No Empty cell / SF6 / SF6
020703 Test2b 4KS BB (old) No Empty cell / SF6 / SF6
020703 Test2c 4KS BB (old) No No gas cell
020703 Test2d 4KS BB (old) Yes Empty cell / SF6 / SF6
020703 Test3a 7KS berm No No gas cell
020703 Test3b 7KS berm Yes No gas cell
020703 Test3c 7KS berm No Empty cell / SF6 / SF6
020703 Test3d 7KS berm Yes Empty cell / SF6 / SF6
020703 Test4a 7KS berm No No gas cell
020703 Test4b 7KS berm Yes No gas cell

020529 Test1a 4KS berm Yes Empty cell / SF6 / SF6
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020529 Test1b 4KS berm Yes Empty cell / SF6 / SF6

020513 Test1 4KS berm Yes Empty cell / SF6 / SF6
020513 Test2 7KS berm Yes Empty cell / SF6 / SF6
020513 Test3 7KS berm Yes Empty cell / SF6 / SF6

020507 Test1 4KS BB (old) Yes Empty cell / SF6 / SF6
020507 Test2 7KS berm Yes Empty cell / SF6 / SF6

020506 Test1 4KS BB (old) Yes No gas cell
020506 Test2 4KS BB (old) Yes Empty cell / SF6 / SF6
020506 Test3 7KS berm Yes SF6 (steady state)
020506 Test4 4KS BB (old) Yes SF6 (steady state)
020506 Test5 4KS BB (old) Yes No gas cell
020506 Test7 4KS BB (old) Yes No gas cell
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Appendix B.  HD/DD DC DIAL Results
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) N
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Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030828_T2D

(SF6 + NH3, ML On, 4KS New BB, 12” HD Rx)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.04.6 (DD)
*** (HDx3)

211 ± 205 (DD)
*** ± *** (HDx3)

80 - 95Insertion
#2 (NH3)

4.55.6 (DD)
3.3 (HDx3)

12.89 ± 3.29 (DD)
7.53 ± 2.41 (HDx3)

50 - 65Insertion
#1 (SF6)

-----1.74 ± 3.67 (DD SF6)
-0.28 ± 3.67 (HDx3 SF6)

-82 ± 185 (DD NH3)
9 ± 257 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)
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S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

*** Signal drop -out on heterodyne

 
HD/DD DIAL Comparison Test 030828_T2B

(SF6 + NH3, ML Off, 4KS New BB, 12” HD Rx)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.04.1 (DD)
1.8 (HDx3)

188 ± 54 (DD)
84 ± 187 (HDx3)

80 - 95Insertion
#2 (NH3)

4.55.0 (DD)
4.7 (HDx3)

11.33 ± 1.20 (DD)
10.70 ± 2.92 (HDx3)

50 - 65Insertion
#1 (SF6)

-----0.14 ± 1.16 (DD SF6)
0.31 ± 2.16 (HDx3 SF6)

7 ± 179 (DD NH3)
19 ± 269 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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S
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(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V ■■■*?;? 
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HD/DD DIAL Comparison Test 030826_T3D
(SF6 + NH3, ML On, 7KS Berm, 12” HD Rx)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.00.1 (DD)
8.2 (HDx3)

4 ± 83 (DD)
375 ± 295 (HDx3)

80 - 95Insertion
#2 (NH3)

4.52.6 (DD)
4.2 (HDx3)

5.95 ± 1.52 (DD)
9.49 ± 1.27 (HDx3)

50 - 65Insertion
#1 (SF6)

-----0.15 ± 0.94 (DD SF6)
-0.01 ± 2.65 (HDx3 SF6)

-7 ± 106 (DD NH3)
13 ± 160 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030826_T3B
(SF6 + NH3, ML Off, 7KS Berm, 12” HD Rx)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.05.0 (DD)
17.2 (HDx3)

231 ± 114 (DD)
788 ± 517 (HDx3)

80 - 95Insertion
#2 (NH3)

4.52.3 (DD)
3.7 (HDx3)

5.26 ± 0.96 (DD)
8.56 ± 2.10 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.00 ± 0.79 (DD SF6)
0.53 ± 1.44 (HDx3 SF6)

6 ± 81 (DD NH3)
17 ± 150 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030826_T2D

(SF6 + NH3, ML On, 4KS New BB, 12” HD Rx)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.09.3 (DD)
5.1 (HDx3)

426 ± 69 (DD)
234 ± 247 (HDx3)

80 - 95Insertion
#2 (NH3)

4.54.0 (DD)
4.8 (HDx3)

9.04 ± 0.57 (DD)
10.88 ± 1.15 (HDx3)

50 - 65Insertion
#1 (SF6)

-----0.11 ± 0.82 (DD SF6)
-0.05 ± 1.92 (HDx3 SF6)

-4 ± 50 (DD NH3)
26 ± 224 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030826_T2B

(SF6 + NH3, ML Off, 4KS New BB, 12” HD Rx)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.08.9 (DD)
10.5 (HDx3)

409 ± 75 (DD)
480 ± 169 (HDx3)

80 - 95Insertion
#2 (NH3)

4.54.3 (DD)
3.8 (HDx3)

9.92 ± 0.79 (DD)
8.65 ± 2.54 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.01 ± 0.87 (DD SF6)
0.31 ± 1.91 (HDx3 SF6)

-1 ± 51 (DD NH3)
26 ± 197 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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) N
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-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030807_T3D
(SF6 + NH3, Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.07.3 (DD)
7.6 (HDx3)

332 ± 138 (DD)
346 ± 153 (HDx3)

80 - 95Insertion
#2 (NH3)

4.53.3 (DD)
4.6 (HDx3)

7.50 ± 1.27 (DD)
10.50 ± 1.17 (HDx3)

50 - 65Insertion
#1 (SF6)

-----0.04 ± 1.67 (DD SF6)
-0.07 ± 1.69 (HDx3 SF6)

-6 ± 129 (DD NH3)
9 ± 105 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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) N
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3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030807_T3B
(SF6 + NH3, Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.08.0 (DD)
14.4 (HDx3)

366 ± 133 (DD)
657 ± 313 (HDx3)

80 - 95Insertion
#2 (NH3)

4.53.8 (DD)
3.8 (HDx3)

8.77 ± 1.77 (DD)
8.66 ± 1.39 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.05 ± 0.87 (DD SF6)
0.08 ± 2.09 (HDx3 SF6)

4 ± 66 (DD NH3)
5 ± 160 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030807_T2D
(SF6 + NH3, Modelocking On, 4KS New BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.010.0 (DD)
4.8 (HDx3)

457 ± 75 (DD)
219 ± 91 (HDx3)

80 - 95Insertion
#2 (NH3)

4.54.5 (DD)
3.5 (HDx3)

10.27 ± 0.53 (DD)
7.90 ± 1.63 (HDx3)

50 - 65Insertion
#1 (SF6)

-----0.11 ± 0.80 (DD SF6)
0.07 ± 1.49 (HDx3 SF6)

-4 ± 58 (DD NH3)
4 ± 152 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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) N
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)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030807_T2B
(SF6 + NH3, Modelocking Off, 4KS New BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.011.0 (DD)
2.3 (HDx3)

503 ± 64 (DD)
105 ± 130 (HDx3)

80 - 95Insertion
#2 (NH3)

4.54.3 (DD)
3.2 (HDx3)

9.75 ± 0.68 (DD)
7.34 ± 1.79 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.05 ± 1.08 (DD SF6)
0.02 ± 1.55 (HDx3 SF6)

-1 ± 66 (DD NH3)
18 ± 169 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
7
8
9

10
11
12
13
14

-500

-400

-300

-200

-100

0

100

200

300

400

500

600

700

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

030807_000T2B_CL05s
Modelocker Off; 4KS BB (New); SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030724_T2D
(SF6 + NH3, Modelocking On, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.09.3 (DD)
5.0 (HDx3)

425 ± 182 (DD)
231 ± 210 (HDx3)

80 - 95Insertion
#2 (NH3)

4.53.4 (DD)
4.1 (HDx3)

7.79 ± 1.38 (DD)
9.42 ± 1.48 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.17 ± 1.02 (DD SF6)
0.07 ± 1.67 (HDx3 SF6)

5 ± 52 (DD NH3)
10 ± 119 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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) N
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)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030724_T2B
(SF6 + NH3, Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.08.0 (DD)
5.6 (HDx3)

367 ± 91 (DD)
255 ± 234 (HDx3)

80 - 95Insertion
#2 (NH3)

4.53.9 (DD)
3.4 (HDx3)

9.02 ± 1.31 (DD)
7.84 ± 1.37 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.01 ± 0.79 (DD SF6)
0.08 ± 1.59 (HDx3 SF6)

-1 ± 62 (DD NH3)
-8 ± 148 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030612_T3D

(NH3 + SF6, Modelocker On, 15KS Blueboard)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.036.6 (DD)*
6.1 (HDx3)

1676 ± 399 (DD)
277 ± 305 (HDx3)

80 - 95Insertion
#2 (NH3)

4.511.1 (DD)*
4.4 (HDx3)

25.48 ± 3.11 (DD)
10.03 ± 2.53 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.79 ± 4.45 (DD SF6)
0.10 ± 2.03 (HDx3 SF6)

70 ± 265 (DD NH3)
36 ± 313 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

* Low signal level, error-induced saturated absorption
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Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030612_T3B

(NH3 + SF6, Modelocker Off, 15KS Blueboard)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.039.4 (DD)*
13.8 (HDx3)

1801 ± 28 (DD)
631 ± 581 (HDx3)

80 - 95Insertion
#2 (NH3)

4.511.7 (DD)*
2.8 (HDx3)

26.73 ± 3.53 (DD)
6.47 ± 1.62 (HDx3)

50 - 65Insertion
#1 (SF6)

----1.01 ± 2.33 (DD SF6)
0.22 ± 2.21 (HDx3 SF6)

28 ± 129 (DD NH3)
6 ± 205 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

* Low signal level, error-induced saturated absorption
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HD/DD DIAL Comparison Test 030612_T2D
(SF6 + NH3, Modelocking On, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.09.0 (DD)
8.7 (HDx3)

410 ± 45 (DD)
397 ± 90 (HDx3)

80 - 95Insertion
#2 (NH3)

4.54.0 (DD)
3.0 (HDx3)

9.10 ± 0.61 (DD)
6.77 ± 1.72 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.05 ± 0.68 (DD SF6)
0.01 ± 1.24 (HDx3 SF6)

1 ± 60 (DD NH3)
-3 ± 132 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-6
-5

-4
-3
-2

-1
0

1
2
3

4
5

6
7
8

9
10
11

12
13
14

-300
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700

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

030612_000T2D_CL05s
Modelocker On; 7KS Berm; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030612_T2B
(SF6 + NH3, Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.09.0 (DD)
8.4 (HDx3)

410 ± 46 (DD)
383 ± 125 (HDx3)

80 - 95Insertion
#2 (NH3)

4.54.8 (DD)
3.1 (HDx3)

11.05 ± 0.66 (DD)
7.08 ± 1.91 (HDx3)

50 - 65Insertion
#1 (SF6)

----2.58 ± 0.54 (DD SF6)
0.29 ± 1.82 (HDx3 SF6)

23 ± 56 (DD NH3)
12 ± 186 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-6
-5

-4
-3
-2

-1
0

1
2
3

4
5

6
7
8

9
10
11

12
13
14
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400

500

600

700

0 10 20 3 0 40 50 60 70 8 0 90 100

030612_000T2B_CL05s
Modelocker Off; 7KS Berm; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
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HD/DD DIAL Comparison Test 030604_T2B

(NH3 + SF6, Modelocker Out, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

4.53.5 (DD)
2.7 (HDx3)

8.00 ± 0.86 (DD)
6.19 ± 4.13 (HDx3)

80 - 95Insertion
#2 (SF6)

10.09.3 (DD)
10.1 (HDx3)

426 ± 67 (DD)
462 ± 149 (HDx3)

50 - 65Insertion
#1 (NH3)

----0.03 ± 0.60 (DD SF6)
0.16 ± 2.01 (HDx3 SF6)

-1 ± 55 (DD NH3)
2 ± 155 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-6
-5

-4
-3

-2
-1

0

1
2

3
4

5
6

7
8

9
10

11
12

13

-400

-300

-200
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500

600

700

800

900

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

030604_000T2B_CL05s
Modelocker Out; 7KS Berm; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030604_T1D
(SF6 + NH3, Modelocker Out, 4KS New BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.08.7 (DD)
5.2 (HDx3)

399 ± 44 (DD)
237 ± 221 (HDx3)

80 - 95Insertion
#2 (NH3)

4.53.9 (DD)
2.6 (HDx3)

8.92 ± 1.08 (DD)
5.86 ± 1.79 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.02 ± 0.68 (DD SF6)
0.15 ± 1.69 (HDx3 SF6)

-1 ± 38 (DD NH3)
25 ± 249 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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-4
-3

-2
-1
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4

5
6

7
8

9
10

11
12

13
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030604_000T1D_CL05s
Modelocker Out; 4KS New BB; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030529_T4D
(SF6 + NH3, Modelocking On, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.04.4 (DD)
10.0 (HDx3)

203 ± 95 (DD)
457 ± 119 (HDx3)

80 - 95Insertion
#2 (NH3)

4.53.9 (DD)
4.9 (HDx3)

8.96 ± 2.70 (DD)
11.28 ± 0.96 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.05 ± 1.72 (DD SF6)
-0.16 ± 2.01 (HDx3 SF6)

0 ± 125 (DD NH3)
9 ± 148 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-6
-5
-4
-3
-2
-1
0
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3
4
5
6
7
8
9

10
11
12
13
14
15
16
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700

800

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

030529_000T4D_CL05s
Modelocker On; 7KS Berm; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030529_T4B
(SF6 + NH3, Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.08.6 (DD)
5.5 (HDx3)

392 ± 120 (DD)
251 ± 257 (HDx3)

80 - 95Insertion
#2 (NH3)

4.54.5 (DD)
4.1 (HDx3)

10.31 ± 0.97 (DD)
9.32 ± 1.84 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.05 ± 0.76 (DD SF6)
0.07 ± 2.36 (HDx3 SF6)

5 ± 88 (DD NH3)
-2 ± 238 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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-1
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7
8
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10
11
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13
14
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030529_000T4B_CL05s
Modelocker Off; 7KS Berm; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030529_T3D
(SF6 + NH3, Modelocking On, 4KS New BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.09.1 (DD)
7.4 (HDx3)

418 ± 128 (DD)
339 ± 196 (HDx3)

80 - 95Insertion
#2 (NH3)

4.54.2 (DD)
3.3 (HDx3)

9.56 ± 1.03 (DD)
7.66 ± 1.43 (HDx3)

50 - 65Insertion
#1 (SF6)

-----0.12 ± 0.78 (DD SF6)
0.03 ± 1.69 (HDx3 SF6)

-7 ± 78 (DD NH3)
13 ± 219 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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16
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030529_000T3D_CL05s
Modelocker On; 4KS New BB; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030529_T3B
(SF6 + NH3, Modelocking Off, 4KS New BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.08.8 (DD)
4.6 (HDx3)

404 ± 60 (DD)
209 ± 194 (HDx3)

80 - 95Insertion
#2 (NH3)

4.53.8 (DD)
3.3 (HDx3)

8.78 ± 1.35 (DD)
7.59 ± 1.01 (HDx3)

50 - 65Insertion
#1 (SF6)

----0.00 ± 1.11 (DD SF6)
0.18 ± 1.65 (HDx3 SF6)

-5 ± 80 (DD NH3)
18 ± 201 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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030529_000T3B_CL05s
Modelocker Off; 4KS New BB; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 
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HD/DD DIAL Comparison Test 030416_T2Dm

(SF6 + NH3, Modelocking On, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.09.1 (DD)
11.3 (HDx3)

416 ± 51 (DD)
516 ± 160 (HDx3)

80 - 95Insertion
#2 (NH3)

4.33.3 (DD)
3.2 (HDx3)

7.53 ± 2.18 (DD)
7.25 ± 1.28 (HDx3)

50 - 95Insertion
#1 (SF6)

-----0.09 ± 1.22 (DD SF6)
-0.18 ± 1.48 (HDx3 SF6)

-2 ± 88 (DD NH3)
-6 ± 145 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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030416_000T2D_CL05s
Modelocker On; 7KS Berm; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030416_T2B
(SF6 + NH3, Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.09.8 (DD)
6.6 (HDx3)

447 ± 91 (DD)
302 ± 243 (HDx3)

80 - 95Insertion
#2 (NH3)

4.33.8 (DD)
2.4 (HDx3)

8.66 ± 1.03 (DD)
5.47 ± 3.74 (HDx3)

50 - 95Insertion
#1 (SF6)

----0.05 ± 0.97 (DD SF6)
0.39 ± 4.33 (HDx3 SF6)

-1 ± 58 (DD NH3)
4 ± 216 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-12
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Modelocker Off; 7KS Berm; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030416_T1D
(SF6 + NH3, Modelocking On, 4KS New BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.010.7 (DD) 
11.3 (HDx3)

490 ± 68 (DD)
517 ± 93 (HDx3)

80 - 95Insertion
#2 (NH3)

4.33.8 (DD)
3.4 (HDx3)

8.68 ± 1.11 (DD)
7.69 ± 1.33 (HDx3)

50 - 95Insertion
#1 (SF6)

-----0.14 ± 1.41 (DD SF6)
0.02 ± 1.19 (HDx3 SF6)

-0.14 ± 1.41 (DD NH3)
0.02 ± 1.19 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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Modelocker On; 4KS New BB; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030416_T1B
(SF6 + NH3, Modelocking Off, 4KS New BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.09.0 (DD)
7.5 (HDx3)

414 ± 34 (DD)
344 ± 149 (HDx3)

80 - 95Insertion
#2 (NH3)

4.33.6 (DD)
1.6 (HDx3)

8.13 ± 0.58 (DD)
3.73 ± 3.00 (HDx3)

50 - 95Insertion
#1 (SF6)

----0.01 ± 0.60 (DD SF6)
0.23 ± 2.64 (HDx3 SF6)

0 ± 54 (DD NH3)
3 ± 157 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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030416_000T1B_CL05s
Modelocker Off; 4KS New BB; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 
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HD/DD DIAL Comparison Test 030415_T1F
(SF6 + NH3, Modelocking Off, 4KS New BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.07.7 (DD)
-1.8 (HDx3)

353 ± 73 (DD)
-82 ± 176 (HDx3)

80 - 95Insertion
#2 (NH3)

4.32.1 (DD)
2.2 (HDx3)

4.84 ± 0.52 (DD)
5.11 ± 3.08 (HDx3)

50 - 95Insertion
#1 (SF6)

----0.13 ± 0.92 (DD SF6)
0.86 ± 2.29 (HDx3 SF6)

11 ± 79 (DD NH3)
57 ± 258 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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Modelocker Off; 4KS New BB; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030415_T1D
(SF6 + NH3, Modelocking On, 4KS New BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

10.09.7 (DD)
7.5 (HDx3)

442 ± 96 (DD)
342 ± 138 (HDx3)

80 - 95Insertion
#2 (NH3)

4.31.9 (DD)
2.3 (HDx3)

4.38 ± 0.53 (DD)
5.18 ± 1.67 (HDx3)

50 - 95Insertion
#1 (SF6)

-----0.06 ± 0.59 (DD SF6)
0.13 ± 1.13 (HDx3 SF6)

2 ± 91 (DD NH3)
0 ± 77 (HDx3 NH3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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Modelocker On; 4KS New BB; SF6/NH3

SF6 (DD)
SF6 (HD)

NH3 (DD)
NH3 (HD)

S
F

6 
(p

pm
-m

) N
H

3 (ppm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)
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HD/DD DIAL Comparison Test 030224_T4D 

(Modelocking On, 7KS Berm, 0ND/5X)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.0 (DD)
6.0 (HDx3)

9.23 ± 0.76 (DD)
13.71 ± 1.23 (HDx3)

80 - 95Insertion
#2

3.02.2 (DD)
3.0 (HDx3)

4.92 ± 1.00 (DD)
6.96 ± 1.40 (HDx3)

50 - 65Insertion
#1

----0.03 ± 0.49 (DD)
0.15 ± 0.98 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-2

-1
0

1

2
3

4

5
6

7
8

9

10
11

12

13
14

15

16
17

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030224_000T4D_CL05s
Modelocking On; 7KS Berm (0 ND / 5X)

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test 030224_T4B 

(Modelocking Off, 7KS Berm, 0ND/5X)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.03.3 (DD)
4.2 (HDx3)

7.56 ± 0.50 (DD)
9.69 ± 1.83 (HDx3)

80 - 95Insertion
#2

3.01.9 (DD)
2.8 (HDx3)

4.24 ± 0.73 (DD)
6.50 ± 1.18 (HDx3)

50 - 65Insertion
#1

-----0.01 ± 0.66 (DD)
0.24 ± 1.54 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

9

10

11
12

13

14

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030224_000T4B_CL05s
Modelocking Off; 7KS Berm (0 ND / 5X)

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
■-•>• 

■ 

I 
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HD/DD DIAL Comparison Test

030224_T3D (Modelocking On, 4KS BB, 1ND/5X)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.6 (DD)
4.7 (HDx3)

10.45 ± 0.61 (DD)
10.78 ± 1.75 (HDx3)

80 - 95Insertion
#2

3.02.1 (DD)
2.7 (HDx3)

4.89 ± 0.69 (DD)
6.15 ± 1.37 (HDx3)

50 - 65Insertion
#1

----0.03 ± 1.10 (DD)
0.08 ± 0.89 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-3

-2

-1

0

1

2

3

4

5

6

7

8

9

10

11

12
13

14

15

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030224_000T3D_CL05s
Modelocking On; 4KS Blueboard (1 ND / 5X)

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

030224_T3B (Modelocking Off, 4KS BB, 1ND/5X)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.7 (DD)
3.1 (HDx3)

10.71 ± 0.70 (DD)
7.09 ± 1.86 (HDx3)

80 - 95Insertion
#2

3.02.4 (DD)
1.5 (HDx3)

5.57 ± 0.70 (DD)
3.52 ± 2.29 (HDx3)

50 - 65Insertion
#1

-----0.02 ± 0.73 (DD)
0.34 ± 1.50 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-3
-2

-1

0
1

2

3
4

5
6

7

8
9

10

11
12

13

14
15

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030224_000T3B_CL05s
Modelocking Off; 4KS Blueboard (1 ND / 5X)

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
■-•>• 
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HD/DD DIAL Comparison Test

030224_T2D (Modelocking On, 4KS BB, 1ND/10X)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.7 (DD)
4.5 (HDx3)

10.63 ± 0.96 (DD)
10.38 ± 1.59 (HDx3)

80 - 95Insertion
#2

3.02.7 (DD)
2.2 (HDx3)

6.09 ± 0.72 (DD)
5.13 ± 0.91 (HDx3)

50 - 65Insertion
#1

----0.14 ± 1.23 (DD)
0.10 ± 1.09 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-3

-2

-1

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

0 10 20 3 0 40 50 60 70 8 0 90 100

030224_000T2D_CL05s
Modelocking On; 4KS Blueboard (1 ND / 10X)

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

030224_T2B (Modelocking Off, 4KS BB, 1ND/10X)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.6 (DD)
2.6 (HDx3)

10.60 ± 1.07 (DD)
6.03 ± 1.13 (HDx3)

80 - 95Insertion
#2

3.02.5 (DD)
1.2 (HDx3)

5.60 ± 0.60 (DD)
2.65 ± 1.96 (HDx3)

50 - 65Insertion
#1

----0.00 ± 0.62 (DD)
0.02 ± 1.64 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-5

-4
-3

-2

-1
0

1

2
3

4
5

6

7
8

9

10
11

12

13
14

0 10 20 3 0 40 50 60 70 8 0 90 100

030224_000T2B_CL05s
Modelocking Off; 4KS Blueboard (1 ND / 10X)

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
■-•>• 

i 

I 
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HD/DD DIAL Comparison Test

030224_T1D (Modelocking On, 4KS BB, 3ND/10X)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.2 (DD)
4.1 (HDx3)

9.68 ± 0.89 (DD)
9.31 ± 1.55 (HDx3)

80 - 95Insertion
#2

3.01.7 (DD)
2.3 (HDx3)

3.98 ± 0.69 (DD)
5.15 ± 1.19 (HDx3)

50 - 65Insertion
#1

----0.03 ± 0.53 (DD)
2.02 ± 1.46 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-2

-1

0

1

2

3

4

5

6

7

8

9

10

11

12

13

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030224_000T1D_CL05s
Modelocking On; 4KS Blueboard (3 NDs / 10X)

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

030224_T1B (Modelocking Off, 4KS BB, 3ND/10X)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.1 (DD)
3.7 (HDx3)

9.38 ± 0.90 (DD)
8.39 ± 1.77 (HDx3)

80 - 95Insertion
#2

3.02.4 (DD)
2.1 (HDx3)

5.58 ± 0.53 (DD)
4.78 ± 1.56 (HDx3)

50 - 65Insertion
#1

----0.08 ± 0.81 (DD)
0.11 ± 1.43 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

9

10

11

12

13

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030224_000T1B_CL05s
Modelocking Off; 4KS Blueboard (3 NDs / 10X)

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
■-•>• 

i 

I 
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HD/DD DIAL Comparison Test

030129_T2D (Modelocking On, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.2 (DD)
4.6 (HDx3)

9.52 ± 1.84 (DD)
10.41 ± 1.36 (HDx3)

80 - 95Insertion
#2

3.02.5 (DD)
2.4 (HDx3)

5.64 ± 0.51 (DD)
5.52 ± 1.05 (HDx3)

50 - 65Insertion
#1

-----0.03 ± 1.28 (DD)
-0.06 ± 1.01 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-2

0

2

4

6

8

10

12

14

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030129_000T2D_CL05s
Modelocking On; 7KS Berm

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

030129_T2B (Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.1 (DD)
2.7 (HDx3)

9.39 ± 0.82 (DD)
6.21 ± 1.20 (HDx3)

80 - 95Insertion
#2

3.02.0 (DD)
1.4 (HDx3)

4.56 ± 0.70 (DD)
3.12 ± 1.16 (HDx3)

50 - 65Insertion
#1

----0.01 ± 0.49 (DD)
0.01 ± 1.81 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-2

0

2

4

6

8

10

12

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030129_000T2B_CL05s
Modelocking Off; 7KS Berm

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
■-•>• 

i 

I 
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HD/DD DIAL Comparison Test

030129_T1D (Modelocking On, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.05.2 (DD)
2.8 (HDx3)

11.88 ± 0.81 (DD)
6.45 ± 0.71 (HDx3)

80 - 95Insertion
#2

3.02.8 (DD)
1.1 (HDx3)

6.48 ± 0.61 (DD)
2.55 ± 1.17 (HDx3)

50 - 65Insertion
#1

----0.03 ± 0.75 (DD)
-0.10 ± 1.25 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-2

0

2

4

6

8

10

12

14

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030129_000T1D_CL05s
Modelocking On; 4KS Blueboard

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

030129_T1B (Modelocking Off, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.6 (DD)
3.0 (HDx3)

10.43 ± 0.49 (DD)
6.75 ± 1.79 (HDx3)

80 - 95Insertion
#2

3.02.5 (DD)
1.2 (HDx3)

5.68 ± 0.63 (DD)
2.64 ± 2.72 (HDx3)

50 - 65Insertion
#1

-----0.01 ± 0.66 (DD)
0.05 ± 2.18 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-6

-4

-2

0

2

4

6

8

10

12

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030129_000T1B_CL05s
Modelocking Off; 4KS Blueboard

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
■-•>• 

i 

I 
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HD/DD DIAL Comparison Test

030123_T2D (Modelocking On, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.4 (DD)
4.2 (HDx3)

10.11 ± 1.44 (DD)
9.54 ± 1.97 (HDx3)

80 - 95Insertion
#2

3.02.7 (DD)
2.1 (HDx3)

6.07 ± 0.50 (DD)
4.84 ± 1.25 (HDx3)

50 - 65Insertion
#1

----0.01 ± 0.84 (DD)
-0.06 ± 1.42 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-2

0

2

4

6

8

10

12

14

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030123_000T2D_CL05s
Modelocking On; 7KS Berm

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

030123_T2B (Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.04.9 (DD)
4.6 (HDx3)

11.17 ± 0.75 (DD)
10.41 ± 0.96 (HDx3)

80 - 95Insertion
#2

3.02.5 (DD)
1.9 (HDx3)

5.75 ± 0.53 (DD)
4.28 ± 2.18 (HDx3)

50 - 65Insertion
#1

----0.00 ± 0.71 (DD)
0.09 ± 1.93 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-2

0

2

4

6

8

10

12

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030123_000T2B_CL05s
Modelocking Off; 7KS Berm

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
■-•>• 

■ 
I 
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HD/DD DIAL Comparison Test

030123_T1D (Modelocking On, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.05.4 (DD)
3.7 (HDx3)

12.29 ± 0.53 (DD)
8.46 ± 0.83 (HDx3)

80 - 95Insertion
#2

3.02.4 (DD)
1.2 (HDx3)

5.52 ± 0.80 (DD)
2.64 ± 1.15 (HDx3)

50 - 65Insertion
#1

----0.07 ± 0.92 (DD)
0.03 ± 1.12 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-2

0

2

4

6

8

10

12

14

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030123_000T1D_CL05s
Modelocking On; 4KS Blueboard

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

030123_T1B (Modelocking Off, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.05.0 (DD)
3.7 (HDx3)

11.37 ± 0.74 (DD)
8.48 ± 2.50 (HDx3)

80 - 95Insertion
#2

3.02.6 (DD)
1.7 (HDx3)

5.99 ± 0.55 (DD)
3.85 ± 2.67 (HDx3)

50 - 65Insertion
#1

----0.05 ± 0.72 (DD)
0.22 ± 2.24 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-6

-4

-2

0

2

4

6

8

10

12

14

0 1 0 20 3 0 40 50 60 70 8 0 90 100

030123_000T1B_CL05s
Modelocking Off; 4KS Blueboard

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
■-•>• 

i 

I 
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HD/DD DIAL Comparison Test

021218_T3F (Modelocking On, 15KS BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.03.2 (DD)
3.5 (HDx3)

7.40 ± 3.02 (DD)
7.99 ± 1.93 (HDx3)

80 - 95Insertion
#2

3.02.1 (DD)
1.5 (HDx3)

4.69 ± 1.12 (DD)
3.53 ± 1.51 (HDx3)

50 - 65Insertion
#1

----0.08 ± 1.78 (DD)
0.18 ± 1.82 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-2

0

2

4

6

8

10

12

14

16

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

021218_000T3F_CL05s
Modelocking On; 15KS Blueboard

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

021218_T3D (Modelocking Off, 15KS BB)

H
et

er
od

yn
e 

(C
N

R
x3

)
D

ire
ct

 d
et

ec
tio

n

6.03.3 (DD)
4.2 (HDx3)

7.61 ± 1.98 (DD)
9.68 ± 1.98 (HDx3)

80 - 95Insertion
#2

3.01.9 (DD)
2.6 (HDx3)

4.37 ± 1.36 (DD)
5.92 ± 1.24 (HDx3)

50 - 65Insertion
#1

----0.04 ± 1.00 (DD)
0.33 ± 1.26 (HDx3)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-2

0

2

4

6

8

10

12

14

16

0 10 20 3 0 40 50 60 70 8 0 90 100

021218_000T3D_CL05s
Modelocking Off; 15KS Blueboard

Direct Detection

Heterodyne (CNRx3)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

I 

V 
■-•>• 

i 
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HD/DD DIAL Comparison Test

020926_000T2F (Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x1

)
D

ire
ct

 d
et

ec
tio

n

6.04.1 (DD)
6.4 (HDt1)
5.7 (HDx1)

9.28 ± 0.92 (DD)
14.57 ± 2.22 (HDt1)
13.02 ± 2.11 (HDx1)

80 - 95Insertion
#2

3.02.1 (DD)
4.0 (HDt1)
3.9 (HDx1)

4.75 ± 0.47 (DD)
9.14 ± 4.65 (HDt1)
9.02 ± 2.50 (HDx1)

50 - 65Insertion
#1

----0.03 ± 0.56 (DD)
1.41 ± 3.65 (HDt1)
0.34 ± 2.11 (HDx1)

5 - 35Reference

Expected
∆p (psi)

Measured
∆ p(psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
t1

)

- 6

- 4

- 2

0

2

4

6

8

10

12

14

16

18

20

0 10 20 30 4 0 50 60 70 80 90 100

020926_000T2F_CL05s
Modelocking Off; 7KS Berm

Direct Detection
Heterodyne (CNRt1)
Heterodyne (CNRx1)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

020926_000T2D (Modelocking On, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x1

)
D

ire
ct

 d
et

ec
tio

n

6.05.1 (DD)
7.2 (HDt1)
5.7 (HDx1)

11.71 ± 0.72 (DD)
16.41 ± 3.80 (HDt1)
13.02 ± 1.71 (HDx1)

80 - 95Insertion
#2

3.02.7 (DD)
3.0 (HDt1)
3.3 (HDx1)

6.13 ± 0.60 (DD)
6.96 ± 2.89 (HDt1)
7.65 ± 0.97 (HDx1)

50 - 65Insertion
#1

----0.02 ± 0.58 (DD)
3.48 ± 4.66 (HDt1)
0.30 ± 1.68 (HDx1)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
t1

)

-8

-6

-4

-2

0

2

4

6

8

10

12

14

16

18

20

22

24

26

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

020926_000T2D_CL05s
Modelocking On; 7KS Berm

Direct Detection

Heterodyne (CNRt1)
Heterodyne (CNRx1)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V 

V 
■-•>• 
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HD/DD DIAL Comparison Test

020926_000T1D (Modelocking On, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
x1

)
D

ire
ct

 d
et

ec
tio

n

6.05.4 (DD)
7.5 (HDt1)
5.1 (HDx1)

12.28 ± 0.54 (DD)
17.18 ± 2.88 (HDt1)
11.73 ± 1.55 (HDx1)

80 - 95Insertion
#2

3.02.8 (DD)
3.9 (HDt1)
2.5 (HDx1)

6.35 ± 0.85 (DD)
8.99 ± 2.02 (HDt1)
5.82 ± 0.77 (HDx1)

50 - 65Insertion
#1

-----0.01 ± 0.51 (DD)
0.13 ± 1.19 (HDt1)

-0.06 ± 0.80 (HDx1)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
t1

)

-4

-2

0

2

4

6

8

10

12

14

16

18

20

22

24

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

020926_000T1D_CL05s
Modelocking On; 4KS Blueboard

Direct Detection

Heterodyne (CNRt1)
Heterodyne (CNRx1)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

 
HD/DD DIAL Comparison Test

020926_000T1A (Modelocking Off, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
x1

)
D

ire
ct

 d
et

ec
tio

n

6.06.2 (DD)
5.4 (HDt1)
4.4 (HDx1)

14.27 ± 0.26 (DD)
12.29 ± 0.77 (HDt1)
10.04 ± 1.00 (HDx1)

80 - 95Insertion
#2

3.03.1 (DD)
3.2 (HDt1)
2.5 (HDx1)

7.18 ± 0.38 (DD)
7.23 ± 1.92 (HDt1)
5.74 ± 1.60 (HDx1)

50 - 65Insertion
#1

----0.04 ± 0.59 (DD)
0.02 ± 1.69 (HDt1)
0.01 ± 1.88 (HDx1)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
t1

)

-4

-2

0

2

4

6

8

10

12

14

16

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

020926_000T1A_CL05s
Modelocking Off; 4KS Blueboard

Direct Detection

Heterodyne (CNRt1)
Heterodyne (CNRx1)

S
F

6 
(p

pm
-m

)

Sequence #

Reference
(Seqs 5-35)

Insertion #1
(Seqs 50-65)

Insertion #2
(Seqs 80-95)

V -sra 

I 

»W*l ■ 

■ 

l 

V 
■-•>• 

■ 

ill 
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HD/DD DIAL Comparison Test

020916_000T2D (Modelocking On, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x1

)
D

ire
ct

 d
et

ec
tio

n

6.03.6 (DD)
2.8 (HDt1)
4.3 (HDx1)

8.59 ± 0.91 (DD)
6.30 ± 4.90 (HDt1)
9.96 ± 4.13 (HDx1)

80 - 95Insertion
#2

3.02.1 (DD)
1.0 (HDt1)
2.2 (HDx1)

4.79 ± 1.32 (DD)
2.37 ± 2.53 (HDt1)
5.03 ± 1.22 (HDx1)

50 - 65Insertion
#1

----0.00 ± 1.15 (DD)
1.17 ± 3.44 (HDt1)

-0.09 ± 1.99 (HDx1)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
t1

)

-6

-4

-2

0

2

4

6

8

10

12

14

16

18

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

020916_000T2D_CL05s
Modelocking On, 7KS Berm

Direct Detection

Heterodyne (CNRt1)
Heterodyne (CNRx1)

S
F

6 
(p

pm
-m

)

Sequence #

 
HD/DD DIAL Comparison Test

020916_000T2B (Modelocking Off, 7KS Berm)

H
et

er
od

yn
e 

(C
N

R
x1

)
D

ire
ct

 d
et

ec
tio

n

6.03.2 (DD)
0.7 (HDt1)
2.5 (HDx1)

7.28 ± 1.20 (DD)
1.65 ± 2.90 (HDt1)
5.72 ± 1.98 (HDx1)

80 - 95Insertion
#2

3.01.2 (DD)
1.7 (HDt1)
1.4 (HDx1)

2.73 ± 1.23 (DD)
3.84 ± 2.26 (HDt1)
3.11 ± 3.12 (HDx1)

50 - 65Insertion
#1

-----1.98 ± 0.62 (DD)
0.22 ± 2.79 (HDt1)
0.43 ± 2.20 (HDx1)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
t1

)

-8

-6

-4

-2

0

2

4

6

8

10

0 1 0 20 30 40 50 60 70 8 0 90 100

020916_000T2B_CL05s
Modelocking Off, 7KS Berm

Direct Detection

Heterodyne (CNRt1)
Heterodyne (CNRx1)

S
F

6 
(p

pm
-m

)

Sequence #

V ■■■*?;? 

HE3 
V T#J? 
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HD/DD DIAL Comparison Test

020916_000T1D (Modelocking On, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
x1

)
D

ire
ct

 d
et

ec
tio

n

6.04.4 (DD)
4.6 (HDt1)
3.3 (HDx1)

10.10 ± 0.92 (DD)
10.40 ± 2.15 (HDt1)
7.47 ± 1.59 (HDx1)

80 - 95Insertion
#2

3.02.3 (DD)
1.3 (HDt1)
1.2 (HDx1)

5.16 ± 0.68 (DD)
2.94 ± 1.48 (HDt1)
2.72 ± 0.82 (HDx1)

50 - 65Insertion
#1

-----0.03 ± 0.94 (DD)
0.09 ± 1.35 (HDt1)
0.00 ± 1.43 (HDx1)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
t1

)

-4

-2

0

2

4

6

8

10

12

14

16

0 1 0 20 30 40 50 60 70 8 0 90 100

020916_000T1D_CL05s
Modelocking On

Direct Detection

Heterodyne (CNRt1)
Heterodyne (CNRx1)

S
F

6 
(p

pm
-m

)

Sequence #

 
HD/DD DIAL Comparison Test

020916_000T1A (Modelocking Off, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
x1

)
D

ire
ct

 d
et

ec
tio

n

6.05.3 (DD)
5.2 (HDt1)
3.4 (HDx1)

12.16 ± 0.36 (DD)
11.84 ± 1.48 (HDt1)
7.80 ± 1.72 (HDx1)

80 - 95Insertion
#2

3.02.5 (DD)
2.6 (HDt1)
1.7 (HDx1)

5.80 ± 0.50 (DD)
5.86 ± 2.15 (HDt1)
3.82 ± 1.48 (HDx1)

50 - 65Insertion
#1

----0.00 ± 0.61 (DD)
0.24 ± 1.26 (HDt1)
0.08 ± 1.57 (HDx1)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
t1

)

-2

0

2

4

6

8

10

12

14

0 10 20 3 0 40 50 60 70 8 0 90 100

020916_000T1A_CL05s
Modelocking Off

Direct Detection

Heterodyne (CNRt1)
Heterodyne (CNRx1)

S
F

6 
(p

pm
-m

)

Sequence #

V 

V 
■-•>• 
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HD/DD DIAL Comparison Test

020806_000T1D (Non-Modelocked, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
xx

)
D

ire
ct

 d
et

ec
tio

n

6.04.6 (DD)
3.8 (HDt1)
2.9 ( HDxx)

10.56 ± 0.89 (DD)
8.67 ± 2.54 (HDt1)
6.65 ± 2.36 ( HDxx)

80 - 95Insertion
#2

3.02.5 (DD)
1.9 (HDt1)
1.5 ( HDxx)

5.80 ± 0.39 (DD)
4.36 ± 1.86 (HDt1)
3.43 ± 1.97 ( HDxx)

50 - 65Insertion
#1

----0.03 ± 0.77 (DD)
0.33 ± 2.52 (HDt1)
0.22 ± 1.36 ( HDxx)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
t1

)

-4

-2

0

2

4

6

8

10

12

14

0 1 0 20 30 40 50 60 70 8 0 90 100

020806_000T1D_CL05s

Direct Detection
Heterodyne (CNRt1)
Heterodyne (CNRxx)

S
F

6 
(p

pm
-m

)

Sequence #

 
HD/DD DIAL Comparison Test

020806_000T1B (Modelocked, 4KS BB)

H
et

er
od

yn
e 

(C
N

R
xx

)
D

ire
ct

 d
et

ec
tio

n

6.04.7 (DD)
4.7 (HDt1)
4.0 ( HDxx)

10.85 ± 0.41 (DD)
10.81 ± 1.68 (HDt1)
9.15 ± 0.92 ( HDxx)

80 - 95Insertion
#2

3.02.1 (DD)
2.7 (HDt1)
2.2 ( HDxx)

4.73 ± 0.55 (DD)
6.21 ± 1.65 (HDt1)
5.00 ± 1.42 ( HDxx)

50 - 65Insertion
#1

-----0.05 ± 0.85 (DD)
-0.03 ± 1.92 (HDt1)
-0.04 ± 1.62 ( HDxx)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

-4

-2

0

2

4

6

8

10

12

14

0 1 0 20 3 0 40 50 6 0 70 8 0 90 100

020806_000T1B_CL05s

Direct Detection
Heterodyne (CNRt1)
Heterodyne (CNRxx)

S
F

6 
(p

pm
-m

)

Sequence #

H
et

er
od

yn
e 

(C
N

R
t1

)

V ■■■*?;? 

V 
■-•>• 

i 

BE; 
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HD/DD DIAL Comparison Test

020717_000T2D (Modelocked, 4KS BB)

6.04.3 (DD)
4.6 (HDt1)
4.8 ( HDxx)

9.92 ± 0.59 (DD)
10.40 ± 1.10 (HDt1)
10.90 ± 1.32 (HDxx)

80 - 95Insertion
#2

3.02.5 (DD)
2.5 (HDt1)
2.7 ( HDxx)

5.77 ± 0.55 (DD)
5.62 ± 1.67 (HDt1)
6.08 ± 1.71 ( HDxx)

50 - 65Insertion
#1

----0.08 ± 0.71 (DD)
0.11 ± 1.82 (HDt1)
0.04 ± 1.37 ( HDxx)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences

H
et

er
od

yn
e 

(C
N

R
xx

)
D

ire
ct

 d
et

ec
tio

n
H

et
er

od
yn

e 
(C

N
R

t1
)

-4

-2
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8
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14

0 1 0 20 30 40 50 60 70 8 0 90 100

020717_000T2D_CL05s

Direct Detection
Heterodyne (CNRt1)
Heterodyne (CNRxx)

S
F

6 
(p

pm
-m

)

Sequence #

 
HD/DD DIAL Comparison Test

020717_000T2A (Non-Modelocked, 4KS BB)

6.05.3 (DD)
4.8 (HDt1)
6.2 ( HDxx)

12.21 ± 0.77 (DD)
11.10 ± 2.13 (HDt1)
14.27 ± 2.70 (HDxx)

80 - 95Insertion
#2

3.02.6 (DD)
1.4 (HDt1)
3.3 ( HDxx)

5.98 ± 0.64 (DD)
3.21 ± 2.77 (HDt1)
7.52 ± 2.66 ( HDxx)

50 - 65Insertion
#1

--0.0
0.0
1.6

0.00 ± 0.69 (DD)
0.11 ± 2.83 (HDt1)
3.76 ± 1.57 ( HDxx)

5 - 35Reference

Expected
∆ p(psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
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-2
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4

6

8

10

12

14

16
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0 10 20 3 0 40 50 60 70 8 0 90 100

020717_000T2A_CL05s

Direct Detection
Heterodyne (CNRt1)
Heterodyne (CNRxx)

S
F

6 
(p

pm
-m

)

Sequence #

H
et

er
od

yn
e 

(C
N

R
xx

)
D

ire
ct

 d
et

ec
tio

n
H

et
er

od
yn

e 
(C

N
R

t1
)
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HD/DD DIAL Comparison Test

020529_000001 (HD Tx-Normalized, 4KS BB)

H
et

er
od

yn
e

D
ire

ct
 d

et
ec

tio
n

0

5

10

15

20

25

1:
00

1:
01

1:
02

1:
03

1:
04

1:
05

1:
06

1:
07

1:
08

1:
09

020529_000001_CL05s

Direct
Heterodyne

S
F

6 
(p

pm
-m

)

Time (hh:mm)

6.07.4 (DD)
0.4 (HD)

16.91 ± 1.41 (DD)
0.97 ± 0.89 (HD)

100 – 115
[1:07:10 – 1:08:29]

Steady 
State

6.06.8 (DD)
1.1 (HD)

15.46 ± 1.47 (DD)
2.54 ± 0.81 (HD)

70 – 85
[1:01:31 – 1:01:50]

Insertion
#2

9.08.8 (DD)
0.2 (HD)

20.14 ± 2.53 (DD)
0.53 ± 1.16 (HD)

130 – 145
[1:07:49 – 1:08:08]

Insertion
#3 (*sat)

12.07.6 (DD)
0.6 (HD)

17.43 ± 2.74 (DD)
1.35 ± 0.99 (HD)

160 – 175
[1:08:28 – 1:08:47]

Insertion
#4 (*sat)

3.03.5 (DD)
1.0 (HD)

7.95 ± 1.24 (DD)
2.25 ± 1.42 (HD)

40 – 55
[1:00:52 – 1:01:11]

Insertion
#1

----0.26 ± 0.98 (DD)
-0.34 ± 1.13 (HD)

10 – 25
[1:00:13 – 1:00:32]

Reference

Expected
∆p (psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
[Time (hh:mm:ss)]

 
HD/DD DIAL Comparison Test

020529_000001 (HD Not Tx-Normalized, 4KS BB)

D
ire

ct
 d

et
ec

tio
n

0

5

10

15

20

25

1:
00

1:
01

1:
02

1
:0

3

1:
04

1:
05

1:
06

1:
07

1:
08

1:
09

020529_00001A_CL05s

Direct
Heterodyne

S
F

6 
(p

pm
-m

)

Time (hh:mm)

H
et

er
od

yn
e

6.07.4 (DD)
1.6 (HD)

16.91 ± 1.41 (DD)
3.62 ± 0.48 (HD)

100 – 115
[1:07:10 – 1:08:29]

Steady 
State

6.06.8 (DD)
1.3 (HD)

15.46 ± 1.47 (DD)
2.98 ± 0.46 (HD)

70 – 85
[1:01:31 – 1:01:50]

Insertion
#2

9.08.8 (DD)
1.7 (HD)

20.14 ± 2.53 (DD)
3.98 ± 0.26 (HD)

130 – 145
[1:07:49 – 1:08:08]

Insertion
#3 (*sat)

12.07.6 (DD)
1.8 (HD)

17.43 ± 2.74 (DD)
4.14 ± 0.28 (HD)

160 – 175
[1:08:28 – 1:08:47]

Insertion
#4 (*sat)

3.03.5 (DD)
1.0 (HD)

7.95 ± 1.24 (DD)
2.28 ± 0.70 (HD)

40 – 55
[1:00:52 – 1:01:11]

Insertion
#1

----0.26 ± 0.98 (DD)
-0.01 ± 0.55 (HD)

10 – 25
[1:00:13 – 1:00:32]

Reference

Expected
∆p (psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
[Time (hh:mm:ss)]

V 
■-•>• 

.f< .v 

■n m iv 



84

 
HD/DD DIAL Comparison Test

020513_000003 (4KS BB)

6.04.8 (DD)
1.0 (HD)

11.04 ± 1.31 (DD)
2.37 ± 0.91 (HD)

70 – 85
[1:01:31 – 1:01:50]

Insertion
#2

3.02.4 (DD)
0.9 (HD)

5.39 ± 0.80 (DD)
2.10 ± 1.01 (HD)

40 – 55
[1:00:52 – 1:01:11]

Insertion
#1

----0.17 ± 0.97 (DD)
0.11 ± 1.62 (HD)

10 – 25
[1:00:13 – 1:00:32]

Reference

Expected
∆p (psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
[Time (hh:mm:ss)]

H
et

er
od

yn
e

D
ire

ct
 d

et
ec

tio
n

0

5

10

15

20

1:
00

1:
01

1
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020513_000003_CL05

Direct
Heterodyne

S
F6

 (p
pm

-m
)

Time (hh:mm)

 
HD/DD DIAL Comparison Test

020513_000001 (4KS BB)

H
et

er
od

yn
e

D
ire

ct
 d

et
ec

tio
n

6.08.0 (DD)
3.5 (HD)

18.38 ± 1.15 (DD)
8.07 ± 1.40 (HD)

70 – 85
[1:01:31 – 1:01:50]

Insertion
#2

3.04.2 (DD)
2.4 (HD)

9.63 ± 1.72 (DD)
5.56 ± 1.92 (HD)

40 – 55
[1:00:52 – 1:01:11]

Insertion
#1

----0.29 ± 1.12 (DD)
-0.02 ± 1.85 (HD)

10 – 25
[1:00:13 – 1:00:32]

Reference

Expected
∆p (psi)

Measured
∆p (psi)

Measured CL
(ppm-m)

Sequences
[Time (hh:mm:ss)]
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00
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02

020513_000001_CL05

Direct
Heterodyne

S
F

6 
(p
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-m

)

Time (hh:mm)
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Appendix C.  MATLAB Programs

Appendix C Contents

Section C1  -  DATREDUC.m  -  Direct Detection Data Reduction
Section C2  -  DATREDUC_HD_X3.m  -  Heterodyne Detection Data Reduction
Section C3  -  HDPulseSim.m  -  Heterodyne Pulse Simulation (Optical Field Based)
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C1.  DATREDUC.m  -  Direct Detection Data Reduction

■■' U -:■ ■■ '■-!    ;:».    FH      C: ',F-S VDil iToaly? n'frl^Froaa'sPgduTt I<MIMA'.?PED:;I: .n 

Hatlab program DATREDOC.M 

Created iron ENERGY.H  SO 5ep 96 by D.C.  Send 

COTpUt»»   taducvd   dttta   PU«IM , «l   vavaic;': 
(U.   vpK.   :pk.   0-e:t,   Vims,   Vrefl 

Modifications  - 
Zd Oct  96 -    Transferred Iron Benft  EKae  Co CLAPS 

Ploit-a  signal  and  raf» - r lay pi«,   rathar 
than   on   average  p] 11 

07 Hay 97  -    Corrected VpK calculation  to i»  lofaroneed  fron Vtef baiallna, 
rather  than 0 V 

07 JUD 97  -    Corrected tpk calculation  to c<  referenced  fron start of 
data window,   rather  than  start  of signal window 

hrraya  wr»   in Matlab-piararn'O  colum  rontat,   not   row to mat 
.  n  is pulse  I   (varies  Horizontally) 
.   ;   la sanple  I   (vanes vertically) 

:  .       .   . ■       -  , ilrr.l 

I       tau iTiM.-puls»   (aanpllngi   tlna 
* püli»*in- 

L       laaBda wavelength,   laser   Una 
n      Npulae pulaa  nunli-i 
n      Nseq sequence  :. 

---        nocessmg  

(inter       \n'i 
fptiTH.fl* •*?-<!    -   -dXn'.flBeq) 
rpnntrc Wines     ■  M\n',NLliiaa) 

Ute I* Mpul***    -  id\na,Mpula**) 
t£l" Xsanples -  tdVn'.Ksanples) 

• tsanple 
tun s iun{t) 
na*  ■ nax(t) 

or  n-l:Hpula«a 
Hp(n)-n 

nd 

for n-i :Hseq 
tln{Bi>->n 

end 

<«      V: | I   'ligltU*' vnit-q- 
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iptinlt 
fprlntf 
fprlntf 
{print! 
fprlntf ('     äP-DAB  (*l| 
tprintf ('     Mini 
data2volt •  input('     Brlmrose  1-1) 

C'       Vn'I 
(*:.:i.:i:~r  unit* to voltage, conversion  \n' ) 
('     11  ULI   i*(l/4O66)-O.10O)     (X)   \n' I 
f     LARS       (• (2/4OM)-l.O0O)     lb)  W I 

[H] 1 
(K)  \n' I 
[B]5 P') 

if Udato2volt— •tt'|i(d«t«2volt--,n')> 
data^data.• (1/40961-0.100 

• l«lf   ((dal.2v.iH — '(.'I 14<Ut4i2v<.lt« M')) 
data-data.'12/40961-1.000 

oisfir   ((datiavolt—"B'H t<UtA2volt=='h')> 
data-data 

aloall   ((datalvolt— 'r.'\ 1 tdata2volt"'K')> 
data-data 

elaalf   <(data2volt** •&*! 1 tdata2volt~ 'c• t> 
dacM-data 

and 

 «<    Aveiü"   r..^-r   ::■   eici   ..■!?[  uaveiertgtn     >»—  

avgdata - zeroslHsanpiesiNlinesI 
for  l=l:Nllncs 

(or n*l:MHa 
n»(n-l)'tUine3*l 
avgdata (:. 11 -avgdata (:, l)?data(:, n| 

ond 
avgdata |:, 1} =avgdata(:. 1) /Hseq. 

-■u! 

«     Plot ovariayoa. puisai 

Mroua  s 4 
HftOHB-   Mro* 
Kcola  -  !lx((Nllnes-ll/!<coMB)*l 
Nfools ■ Hcola 
If f»linea«l) 

HEKMMB2 
Nfpolo-2 

end 
if(Hcola<2) 

Mfc«l8-2 
end 

■.|10,4O,30O'Wfr       .        'NfKwalJ 

Hiineacn = xnnes 
lot   Lch-l:Nlin««Ch 
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if CMimoa«o) 
clear  Chtine 
uhlle(l> 

iiap 1 ' 
dlspi' 
- ; - •.:■ I ' 

ciioooo  unsa to Da dipiayad 
<ret>  to ccntir.ue 

LineOsaqe~zeros 11.99) 
LlnaOsagd-LiitaüsagB-1 
LinelndexO ■  ren ILinsIndex,100) 

fox  W: Mines 
LincUsagciLlnelodexOII,1)1-0 

and 

UlricCIMM :■- 
i inn 

HiinaaCh - o 
for  l-l:Mines 

li <Lln<rUiagc iLmoIndaxO [1,1) (=1) 
MiitaaCh  - NlinvsCh  •   1 
ChLlnelNllnesCht-l 

and 
nod 

ir/(MinaaCh--0> 
dlspi' 
di*p<-     ■• 
displ'     "' 
disp{' 
PMIM 

-:--::   i..:r: 
dl*p{■ 
diepl' ■■ 
dispC -- 
dispt'       ' 

bread 
end 

-7:1 
I '111 

Ho line« chosan  cot  display 
<xet> to continue 

... j 

... j 

Haainun of Z0 lines may be chosen 
':ct'  tu contmug 
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if (batchfig=0| 
for   lc)i-l:Hline«Cta 

riqure{ 'position', 130*40* lien-II,900-40*(ich-1).500,400]) 
and 

and 

-igrel-'tr 
if (baechf la—01 

IIlaflot 
and 

•utfdifptig -   '»■ 
dispC     ') 
aurTquaiy^mput( 'Surfac« plat   (Y/[N|): 
if   I l»urf query™' V) I Isurfquery— 'y* I) 

SURFT'-;?   h 

vhlleU) 
fprintf<'       \n*) 
fprintfl '»«« surfte«  plot 
fprintf( 'Print   (DtMl 
[ptintf( 'Print   (color) 
query-inputt 'CoM 

's'l 

(S]   \n- I 
(P/EW)   \n' J 
[C]' 1 
( l>. ' ,'-' 

; »  Surface plot? 

i 

I 

i 
I 

J 

I r Xquory«' S') I (qu«y—'»' > I 
S0PFDI5P_B 

elm IT ((query» T'| I iquery='p*|) 
print 

clseit((query»"'BK'II(query""'bv')) 
print 

else if ((query--'T'11 iquery— 'c'M 
print 

•IM 

end 
■ n:.l 

end 

if (baeenflo—01 
if isurfdispf lg»'i') 

aelete<Klines*ll 
ana 

and 

n «Over livl'Uil 
SiqPefCuery 
for  lch=l:UlinesCn 

f iijurellcli) 
PlotSioRet 

end 
C-iery 

-hUeHiotef-- 'Y'l ;  * Plot   loop 
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icit>dtcnrig=oi ■ 
Til«Plot ; 

»       PlotSigHel 
and 
Query ; 

end i 

lE(baccnrio—0) ; 
Cot   lcn^l:HllnaaCh i 

delete Uch I ; 
end i 

•nd ; 

clear  UllnaaCh  ChLine 

ifcbaccnflaevO) j 
figure I 'Position', [10.40,567,405)1 

end ; 

-.<     B-ji-   u-•■■iroced signal  calculations    >»  

*t_»l - t_el/d*Lt ; 
Nt_s2  • t_sZ/dele j 

Ht_rl - t_rl/delt ; 
Mt_r2  = t_i2/delt i 

if  llt_sl  <■  0 ; 
H;_sl-1 j 

~~.n i 

It H%_»2 >  MMltpU* ; 
Nt_s2 - Hsanplea i 

and I 

if Ht_rl  <ff  0 I 
«_rl-l j 

end ; 

if Nt_r2  > Nsonples ; 
Hs  i2 = HsanplBS j 

end ; 

Kt_a     - Nt_a2-Nt_sl-l ; 
(ft r    - m  r2-Ht  rl-I ; 

uaig • jeioa(Haeq,Niinaa) ; 
Oref  " zeros(Nseq, «lines} ; 
Viet  : ieros(Nseq.Nlines} j 
U - z»re* <m.eq,«lln«»} ; 
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fprintfl "Mi't i 
for  I-1:Klines ; 

rprmtri'     Reducing laser  Una   id of id   tstap  1/3)   \i'  .I,Klines)     ; 
for  mliHsen ; 

r.- ips-l i-Ml^i.es-: I 

neand*t~aunfdat-i iw_t I:Kt_r2. n)) /tn_t i 
War-O.Q ; 
for   UNt_rl:Nt_<2 I 

Uref «it.ll-Uret"In,l)*dnta(i.n)"delt t 
Uvar=tJvar><data(l,nl-iieandat)*(dataU, n)-iMandaE)*oelE         j 

•nd 
Vtefln, 1)-Uref <n>iU/lNt_r-delt) j 
Vm* ID, l)-sqrt (Uvar/ (fli_r*dolt)) > 

«nd i 
end i 

»  fpiintrr\n*| i 
for   l-l:MHna» I 

fprintfl'     Reducing laser  line td of >d   IStep 2/1)   \r'  ,1,Klines)     ; 
for  n=l:Hpsoa i 

n-(n-l)*Klines<l i 
[VpK In, 1).pklndex) *IMX Idata iKt_3l:Ht_s2, n)) i 
Vpxln. 1)-Vpk(»,ll   Vro(|n,l) I 
tpk tti, I >-tannple Ipkmdex) ; 
tpk in.l):tiamplcipfclndox«Ht_sl-l| j 
for  l-Wt_sl;Nt_82 : 

Usigtm,11 -Usio. In, 1) 'data u, P.) 'dele 
end t 

-nd j 
end i 

(prlntfl'Sn'l 
for   IsüNllne» I 

fprintfl'     Reducing laser  line   id of Id   IStep 9/3)   \r'  .1,Klines) 
for   n=l : li' -.:; I 

n-(n-ll'Kline««l ; 
U«*.li-Usiflim,II -{Kt_o*a*ltI"Vrefin,1) ; 
•ffwid(m,l|-V(».1]/VpkID,1) j 

end i 
and I 
iprintfI'Xn'J ; 

U4Vg-BunlU)/Kaeq ; 
Usdev-stdlU) ; 

i(Ib«,tch(lo—Ol ; 
rirst ■ 1 ; 
while{1) r 

:i   <flrBt— II 
ploslKm.U'lO'Si i 
iKllln»»—1| ; 
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tiCloCrfitypC.   '    Flic   =    ' ,ril«, ' Average   ■    ' .msttltr (OaVa'lO'SI ,     ... 
1     (DV.B) - ,--H.-V  -   'fnun2»tr(10{fU«d«v/Uavg), '    1*1']]     ; 

-! s - ; 
tltl«UVRtyp«, •  F1U •  >ttUmJt 

end r 
xlabel('?ulie llttoEer') I 
ylab»l('u     (nv.B)'| 
av-axls  ;  xmn*a'/<i)   ;  atix-av(2)   i  ynnaav(3)   ;   ynj»-nv<*l       ; 
ir<T»typa=»'Tx'> i 

axltp(|xnn  xtu  ninlOjynnl   vmx)l ; 
end j 
fir« - 0 ; 

end i 
ieplot*lnput<'Raacals plot <1'P/|N1I: '•'•') I 
If Kreplot—'P') I freplot—'p'H 

print ; 
eleelf<lreplot--'B»'l I (replot— *t™')) 

print ; 
•iBairnrBplaf-'C'HUaplot—•    »)) 

print    -dprc    -[.-- ; 
olielf((replot-='Y'|&|r«plot-=*y')) ; 

break 
-:' - ; 

XB'. fi-1 nput < 'bltaf  naa X inin:   ' 1 
xnax-input< 'Enter  new JC mi:   ' I ; 
ymn=lnput<'Enter  neu V mini   'I i 
yi>™x-iiiput< 'Knt«r  MW t m;   '1 ; 
axis<|xnin xnax  ■.-■.-.  ■.■-..>■   i 

end t 
-nd i 

end I 

Eplot  •  Input I'Convert  to energy  <V'(N|):   '.'a') 
ir HEX     -     ■    ■ i     -:             '.-•)) j 

Rv»lnput<'Enter conversion  factor   iv/w or v,a/OI;   't ; 
first    -    I ) 

■hll«   ill ; 
11    Ifitntl ; 

plot(Nn,D/Rv) I 
1 [TBtypei'   F;-r   -   ',flle,'       Average -  '.nunZatriPavg/pvi. 

>     |J) ','anv-   ',nun2str{10O*D*dav/Oavgt, •   l«)*l> i 
r "li'Pulse »UBtonr'i ; 

■■ 

firat - 0 i 
end ; 
replot=input('FiB*cal* plot   iY'|n;i:   '.'*') I 

'Cli<(«plot —*y't>  break;  end ; 
.a'lnputt'Enter  neu X nun:   ') ; 

KM)                                MM X max:   ' > i 
yp:ri-input |'Enter  new y mm:   'I ; 
ymax~inputI'Enter  new v max:   ') ; 

; 
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\    vra 
»and 

■' Uietogron  (',rum28tr<Npgle* 

ItCCt   =    1500,(0.367,«03] 
»LAP5H i «1 - f igui* <' Posl t Ion ■ . 

*M«c(tr/D»vg,l00) 
■   fRtypfl,'   ri.-  -   ',til-, ■ 

>     '   pulses  total)   "IJ 
»xl*b»li'liom*llt«d 3lgn*l*l 

':rr-ntf)'l 

IwbtloUl 
\    anaut'lnpuU'Write ASCII  file lot hutojiu,  11'fXli;', 's' 1 

I-I-III   -'Y'HHiraul —'»'II   btrnk;  «nd 
»     [nequ uaul-tiiBtiU/tiavo.1001 

I iilaai 
'     osve uuuisac uuu  -ascn  -4onbLe 
»     fpnntrc       \n'> 
'       FpClntfT Fil--    [MqU.tM   »rxi   Uuu.snc   -t 1 
\    Die 311  end 

if (baeehflg—>t 
delated) 

»  del-- 
end 
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C2.  DATREDUC_HD_X3..m  -  Heterodyne Detection Data Reduction

■ :>:■■ i.-i   j:r.'   f".     ■:: ^Fo^.satiToaiy^is'fri^FroiisVHs-Dt' icMAiFEDir:   HG  X:I  vPep.n 1 of  11 

uATKEDDC_HC_JC3 

Created by DCS  iron E>iegoPEOceBsing_DC5>   originally written by 
Dicqo Plerrottet,   Don Eckelkanp-Baker,  and tan Sentt 

14  Sov 02  - Changed conputatior lograns  witn  equal  signal 
and nolfl« wlndoui   In or dor  lo natch resolutions   for  normilli«' 
:-:-■-. ■ifn).     Renaned CHRxl. 

\ MnuitipisKing tns  rau data  into its raspoctiva waveieng/tn. 
I  No header  file is used  for  this version. 
i  Have length sequence assuned to be Standard 13 wavelengths, 
*  starting with  lOKlS.10F1O.10F12 lCPlO 

tDS el 
*CS clear all 
tD3 pack 

Tstart  ■ cputine i 

dispC        •> 
sa = Input)*      Enter  sanpling frequency   IHi)   [le9|   .'if 
-;-:■     - L/aa 
FRF -  input i'       Enter  PRP  <Hzl   (10) 
Hsoq      ■  input I' 
Klines -  Input I' 
dlspC        •) 
Slgft-fCM-ryl 
«t_sl  •  roundit_sl/delt>*l 
Mt_s2  ■  round(t_a2/dalt) 
Bt_rl -  round(t_rl/delt>«l 
St r2  =  round|t r2/delt) 

Enter  Nsaq  |1011 
rn--:  'l.'t-.es   |13| 

:   '  }   l 

!    •   }    I 
' < ; 

I 
i  t   t_al,t_»8,t_rljt_t3   <»«cl 
■" 

T-5-FM   -    ■■ 

if 'Teetrlg~0> 

dispc       -l 
diapl'     Hooding   Ln   r-stHPDO.txt 
dlspC       'l 

load TestHDDD.txt 
*0S pickn i- 
»05 load  <togo;her] 

7otalPolnta-lengthITastKODD) 

<  Normal   (0)   or test   <11   read-in 

VOQMI   :-i'i-Li 
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Po1n t s PeiSho t=Tota1 Pom t s / N icq / HI 1 tie* 
• PoIn H Pe r5ho I-2 Q004 

<.ybo«a ; 

Maim data  array:  data(point,ahot, line) 
data-I*ros (Pol it taper-Shot, N»«i|, NUnas! ; 
(or  itn ■  l:Kseq ; 

for 11 - üHliiMB r 
!<ptl-rounti< ((nji-1) "(tlinea-lL-ll "PolntePerShot*!) 
Kpt2sround<((nn-1)'Hllnes-11)'PointsPerSrtoti 
d*ta<:,iu>. ll>-Te»c«DOD<*ptl!HptI. 1) , 
if inptl—round l»pt It IiBBflo-l;keyboard:end ; 
lClHpL2-*rMind(Hpt2| i jBBf lof Zjkaybcardiand ; 

end ; 
end I 

while«»     ;      

d»ts-ir::^i'-.-.;r-!.«pPiShf;l,»i»eq,Hiin»Bl 
for m * liKseq 

for   U  «  !:»UNt 
nn-tm-ll'Klines'll 
ir(nn>=   10ÜII   nn=nn*lj   end 
|iptl-cound<(nn-l)" Point aPeishot «11 
Hp tl~round <nn* Folnt sPerShotI 
<latac:,nn. 1 l>^teatHDOO<Kptl :Kpt2,1) 

end 
end 
-r«! !   

;  % njOB2B_T?A nanual  correction 
I 

I <  skip Dan pulse   (11016) 

clear  TestHBDD 
pack 

load   KtatXHDDD 
data - xdats 
clear «data 
HMtt -  ID 

i   v  re a t  !•- 

I 

end 

tine-l/aarl/aaiFointsFerShot/aa 

<u«pc    •> 
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diap<*     starting tiniae PSD cai- . 
dlsipr        *) 

Upti  • nax»it_a2-»ft_flltl,Nt_>:2-NE_<l*ll 
HITTbase - ceiltlcg-IHptsll 
HTTT   =   2*HFF7Dase 

for m •  l:l:H9eq 
Cor   11  -  1:1:N11IMS 

noise-data lt*t_cl :Kt_r2j mi. 111 
t       (Pnn, rnl^puelcninoiae, [], |].HFFT,aa) 

(Prm.rn|-p*ri0dograin(nola«, M.NFFT. sa) 
ItoiscPSDI:, m, 111 -Pnn 

end 
end 

diopC     [>jnr  Hoioe  PSD Calculation  locp" ) 
dispr        ') 

,::i:;TTT.    fill      '. 11 -      ICCUI      »S  " 

'.     1-ciEiar.^o data  Into corracc wavalangcn  loqoance otdac 

Ji^p- tieqacncy loop' 1 
diflpC        'J 

dei_in =  rn(Z| 
H_fnl  -  toundl n$.0e6-fn()l l/dal_(n) 
H  rn2  -  roundi iei.tiee-ln(li)/del   In) 

1   i   ricvi  ipui  Trequencic» 

I 

for im •  l:Haeq 
Cor   11 ■  1:Klines 

(ty,Hlft<i«xim,llil   • MX()(oJa«P30<N_fnlsU_i»2,tin,llli 
&purFreq(nn>ll)  - fnlttin-Wxirai.lli *W_inl-l) 
.■■F    Index (an, 11)    =   Bflt   -    (11 -11 /Kline» 

end 
end 

J 

qqspur  • nediantSpurFieq) 

ri'j.,rn ' -',|   SO 400 400  300|) 
plo:(SF_Indox,SpusFroq/la£. '.-') 
title('Spur Frequencies  IHHEI') 
av-axl»  ;   xmn'avO)   ;   xnat?au<2)   ;  j»*"«v(3!   i   jnx-av(*l 
axiaUO Hs»<i'i  ymn  y"*l) 

flgura('Posl:lcn', 1100   400   400   300|) 
plotlqqopui/lefcl 
Hold on 
flo:((fjipüi/1«6. ''-.') 
titlef'Hedian Spur  Frequency   |MHr>* I 

dlspC     Airotiglng data  Into cottcct : 
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■iiipr 
1 

i Resr:.-rigeneot  njunea  rirst wevelenotn  in sequence  is always  lowest wavelength,  ana 
t thararoia hlghaat spur   tiaquancy 
1 Throw out pulses prior to first occurrence ot naxinua apur  Jrequency.   will  cause  lost 
X of one sequence 

IXI.naKlndex)  ■ naxiqqspuri ; 

!or nnl"l:BBeq-l 
Cor WKl=l:Nli(ica 

nnu-|reil-l|>Nlitu**<tawl>iMxlnd*x-l 
imO-tlocn innÜ-Q.H/NlinesW 
wwO=nnO-(nnO-1)•Nllnas 
äatal:.trrT.l.w»l>-äataU.nr)0.wwO) 

end 

dat4<:,Hs«q,!|  - 

Kaaq = Kicq-1 

I  \  Clear  i«>iii9ii  or  oilg  last   naq 

I 

query-input(' 
I 

clear  uoisaPSD 

•     Calculate  F3D» 

di»p<*        •> 
dispC     Starting P6D calculation  loops' ) 
dispC        'J 

Nt_s  = Nt_s2-Ht_sl*l 
Ht  i  - »l r2-Ht rl'l 

lE(tlt_S<tlt_r) 
dispC     ••     Kt_ 

and 

'   MI      *' 

Hpta  ■ Nt_r 
NITTbase - ceil<log2IHpts>-l> 
NFFT   =   2'HFnhiic 

i  HLen  -  iJFn 
NLan - NPFT/« 

i"i  lor peri 
f   I   roi Wolch parlodagraa» 

NOVSCP3S    ■  rcros(HLen/z<i.Nseq,»iin»i 
Signal PS 0 -  z-ron(NL^n/2<l1N**<i.llllne?l 
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JioraeSD      :  r«ros(HL«n/2*l,Hs«q,Nlln«si ; 

b ol  11 

for  an ■   . :!:--■! 
fpimtff '     So<ruanca  I,     »d  \is" ,niil 
for 11 -  UKlines 

[Mit-ijiJKi'-.r;;in   r:,!fii,i:i 

(Pnn.fnl-pwelchlnoUe, (1, II.HLon.eai 
1       tPwii !r.]-per icdootoni (noise, 11 ■Klcn. sa> 

rtolaaPSr><:.in,111apnn 
:f IH3iipPSD(l,im,lll—OJ 

XoiaePSDU.Brf, il)-[lois«PSDi2,nn, 11) 
•Ml 
ir<)toisePSD(tn.en/2-l,!rn. Ill—01 

Hol*aPäDIHLen/2>l,nn, ll)=N01£«PSO{HLan/2,irn, 11) 
end 

Hpdgnri-ceil (HC_8/Bt_rl 
BigPSD*zeros <HLcn/2 * 1. Itpdgns I 
for  Npd -   IiMpögms 

extra-round < <Np0oni3'»pt9-Wt_9) / l»pdgns-l)> 
Ml=Ht_»l* (Mpd-1) - (Npis-c«tra) 
K3-Wl<KptB-l 
9igr>al*data(-n:N2,nn.ll) 
|Prift.fii)-i»Mlchf»ignil, |],(|,HUn,*a> 
I Irin, fni-*periodogran I signal> 0 iNLen, sal 

SignalPSDir.ira. llnwafHSigPSD') 

HotnPSD(:,m),ll(-SignalPSD(:,fm,lll ./NoioePSSCTrn. 11) 

»  X3 
■  X2 

■   eliminate  divide by zeros 

eljiunau  divide by  zero; 

t   X3 

■  X2  J-pt  «nooi.Mng  for  norn » lor  qq-2sN»PT/2 
tKoiseP9Diqq-l.nnfll}*N0i3ePSD<qq.re>, HI *KoisePSDIqq*l.r; ,11) 

I KornP3&(qq,im, tl)=3ignalP3D<q£,Rn, Il|/iw3 
I end 
1 nx3?IMoisePBD(l.mi, 111-Hoisc?5D<2,nn, lII-KoiaePSD(3,nc,lli 1/3 
I NorMPSDd.H», lll-signalPSPO.m. lli/n*3 
* ni3-iBoi9cPSD<NFFT72-l.»in,lll«-»oiseP8D(nPFT'..--.,:. i *HoisePSD<NPFT/2-l,nrr. 
\ }tam9SD(HttV/2'l.aD. Ul=3iqnalP3DlllPF?/2-l,iin, ll)/nz3 

■nd 
«id 

dispr     ■) 
disp<'       C>3ne 
dispr     •) 

calculation  loops* 

*    Plot  tins aarlea,   signal  and noiaa apectra,   and r.orn-uzad algnal  af. 

YO   =   flOC 
•el - 1 
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sc; =  l ; 
if INlin«B>-30> 

tO • 700 
*cl»l/2 
BC2-2/3 ; 

end I 

tnn *  tine<l) 
tiuc ■ coin tine l j 

"■jl    mi: 1 ;tJ£C3 ; 
rprinlfl'     MgjMB   -    • Vi.' ,nm ; 
for  ll-l:Hllnes ; 

tigure I' Position", |25*25* lll-l) '«d, YO-20' (11-1) "eel, BOO'ert. 700'ac2| > 
. pare I "Position", 12*4-23* 111-1| *scl,rc-2S* 111-11 *s£l.800*sc2. 30O*sc2].   . ■. 

I >lndex'lrlL). :ti j 
i   text<xax-0.1?' ooix-xmn),ynx-0.05*(ynx-ymni >   .., 
»       Ltn-UuwiLiMlndaxa.Ui, M. •CWor', [0  1   1|) 

subplot |4,1.1) J       Tino   souc; 
plot (tine*1*6.«Uta I i,im. 11)) 
sct(gcaf 'FontSnc', |9)) 

»  ast(gc*, ' ■. ■ ' ', I 1 I 
title('TIM  Senrr' > 
Au=axi3  i   xnn=av(li   i   xnx~av(2i   i   ynn=av(3)   i   ynx=aviit       i 
«xl»(|0 20  -1.0   1.0!) 
hold on 
PlotSlgRstl I   i  diaplay  tlq  and  r«f window* 

subplot(4,1.2) i  \   Signal   <Rx)  and noise  P3Da 
plot(tn/l«fi,NoiMPSD<i,nn,ll).  ':    'i 
hold on ; 
plot(fn/l«t>.Slg-nalPSD(:.nn,ll|.  'g-') 

I  plot (fn.HernPSOC.nn, 111 . 'b-'l i 
set(9ca. "FontSHC , |9|) j 

« ••t(gca, 'YTickUb»;'. 
title I'Rx and Be  PBDs* I 
av±axis   i   xnn±av(li   i   xnx-avifi   i   ynn=av(3)   i   ynx:avili       i 
axis(|0 200 mn(O.ynn)  ynx)) 
ii ü l -     . I 

subplot 14,1.31 i   <   Signal  PSD 
plot (fr,/l«6.3lQHalP3D(:.m, 111 -Mol«oP3D(:.m>, 111) 

I  plet(fn,(JornPSDC.nr.Ill , 'b-'l ; 
sct(gca,'FontSlze',[9|) j 

t  Betfgc. 'YTlckL*be:' . 
titlel'Signai  F3D") ; 
av-axia   i   xnri-auUI   ;   xnx-au(2l I   ynn-avl3i   i   ynx-avilt       .- 
axlsllO 200 nin(0.y»n)  ynx|) 
hold on 1 
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iuDploiN-l,ll f  \ Normalized  FSD 
plot (fn/l«6, HoimFSI){ i ,IUi, 11) ) i 
set(gca( 'Fonts»«', |9] I ; 

i  *et(gca, 'v             ...     ■, (It ■■ 
title I"Sornslizcd   PSD'I 
iv=axii   i   xnnsavdl   I   mx-avCI   i   ynn=av(3)   j   ynx:4Vilt       I 
dxlatlO ZOO nln(O.ynn)   ynx|) 
hold on • 

-nrl ; 

rprinlf         I'       Entar  <rat>  to eontlnua  \0' I                                ; 
query-input I '       Enter <s> to stop displays ' , *■') 
daleteiliKlinea) f 
if llquery—'o'11 (query—1 B ')); break;  end                                       ; 

end ; 

««PC      '> i 
dlBpC     Starting CUB calculation  loops' ) : 
dispr        •) j 

l       ••■    BHRtl    ■•■ 

BB • zeros iNseq.lllinesi 

CWBtl  - zeros (Hseq.Nl Ines I 

»     Ccofiut«  »:  foi  pi'. 1M windows 

for  nn-l:Hsaq I 
(or  LL-lsHLiMS ; 

DCsig (un, 111   s nean(datd<Ht_sl:Ht_s2,nn,ll))                            ; 
DCniiwn.lli     - (is-n(dai*(»t_rliMt_r2.n».1ll)> 

end ; 
and 1 

X    CHnputa return power,  noise power,    itlgnal  power),  and CMRtl 

for nn~l:Hseq ; 
tor ll-l:Hllnaa ; 

BRtllnn, 111-     ... 
9uni(iUtaillt_9l:rtt_s2,Hn,lli-cesig<im, 11)).- |data(Nt_sl:Ht_s2,M),ll| -DCsig(un,ll))); 

WHtl ITOI, 111-      ... 
sun 1 (dataINt_rl:Ht_r2.m>,111-  Knzliw,ID).• iaataillt_rl:Nt_r2,m, 111 -  DCni <im,llj)); 

Onitllnn.lll    *    iRRtlCiui, ll}/l{(9it_a2-HtiSl'l)/|Kt_r2-Mt_r:*l))*UMtlfiui, 111M    i 1 
end ; 

end ; 
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I       •-•   CM* 11    "• 

lor  nn-1 ill"^ 
:■:■:   11-lsBlinOB 

SB:I|IDI,1JI     = sun<SlgnalPSDl:,no,Il>> 
Wffllrcn.lll     - *un< Koi«*PSDIi,no.ll>> 
CKMItxrn.lli   • PBJKnn, ll)/mi!l(nn,ll>-l 

and 
and 

*     ■••  CHRXJ  - Point-b/-point  (cequency nonulizati 

»  Bxcessinractf: 
I  EacessNzFactor  ■ 0.13U 
KNCBBRKJr*etor  -  O.ISO 
3HF   - sun(l*ornPSD-l-ExwssNzPactor) 
*■-!  nn  -   liHiaq 

for  11 -  I:Kline« 
Cinbc3lnn,lli-<l/INFF7/2<-l))*SNR(l,Mn, 111 

and 
--id 

!  ar^rox CtiPxl  randon noise div   lactoi 
'■   appEOX   CNFOC2   ZondM)   i■:■:    -    1-:    :i :'..- 
*    »pinan   CtJKxJ   r»lvdon   noUa   dlv 

>   scale  factor  is only approximate 

■ ■ ■ 

t-dupe effect« ol   single point  nonlmearies  in  scale  factors 

Tsnooth -  10 

tor  nji=l;Hiiq 
(or  ll-l:»lines 

t.n- IBH-1) -Hlines>ll 
tpul»» <««.. 11) - (tin/PHft/36H0 

end 
i. id 

1  %  craots pulea  tina  Cor Hannlng TSmooth 

.*  s approxtnate pula«  tl 

I 

(hh.tMdt 

HdAta   n   CKRtl 
Hann i ng_7Si>oo t h 
qq_tl  ■ Hdata 

-■-:--'   -   rv»-. 
Hann 1 n 9 _ ?&noo t fi 
qq_II  • Hdata 

Hdata  ■ Clint 3 
Hann1ng_7Snooth 
qq_0 = Hdata 
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3cl_ritl  = Dtt*n(qq_tl./qq_tl) 
3Cl_0tl     - Di««nlflq_0./<H_tll 

:-■:   ;;-; :n:incs 

(lr-utel"Position*, I25-25* lll-l>*scl,l'O-20* Ul-U*scl,600*ac2.*T0Q-Bc2|) 

subplot H, 1.11 
plot(CURtl(:.ll), "K-*| 
hold  on 
plot<CHRllI:,ll>./Scl_*:i*.l(l,ll>, 
plot(CHRX3(:. 11)./3cl_0tl(1,111, 
ouKgco. 'Fontsize', |9|) 
setCgca.■YTickLabel', 111 
title I "Overlay»«! Ecoleu CHFB' > 
av*axia   i   xnn^avdi   j  xnx~av(2i   i 
ixl»(i"i"i  ICH* miniO.ynnl   ymxll 
bold  a r. 

subplot H,l, 2 j 
pioEicmttic.ii)» 
ASC(«)CA, ' fül.tSiiu' , |9| ) 
»et<(jco,'YTicxLi   - 
tlci«ramtl" I 
«w-«xis ;   xnn-«v(ll   ;   «■-.vi.'i   ; 
3*15((air.  xnx mlnio.ytmi   ymx)l 
hold on 

• ,-■) 

ynn-avi3j   ;   ynx-aviii 

ynn-svi'M ynx-9VI41 

sut>plotl4,1.3) 
plot; <CHR(I<:.lit) 
oetdjca. 'For.:5ize', |9]j 
■at (gca, ' YTlckLabal', I) I 
titlel'ctiPfl' I 
av:j*ii   i   xnn-av(li   i  x»x=av(2)   i   ynn=av(3i   ;   ynx-avi4i 
<txla(|xnn  xnx ninlO.ynni   ymxll 
hold on 

subplot 14,1.4t 
pl0t(CllRx3(:.U)) 
B«-t(gco. 'Font-Site', |9)I 
set<gea.'YTickLabel',III 
tltlai"-nu<'' i 
av-axis :   xnn"av(ll   ;  xnx"av!2l   ;   ynn~avi3i 
<uda(|xnn  xnx mnio.^mi   ymxll 
bi '1 >   OD 

ynx-av141 

■   SH led   ■ KJ g   DY« E . iv 

cni 

CHRxJ 

MO 
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diap<'     Dona CSF calculation  loop" |i 
dispr        •>; 

\     •••  Save CHFr   ■** 

<i~vi.    ■     ■        ■'■(•' ■'        •■UV: i 

dlsp<'       HEOO.mat   iavdU'lI 
dispi'        •is 

T*nfl - cputiiw-rstart 
■   lend 

Sprint:          ('       Mi«i  a«q  I  to display \n' i                                      i 
q\icryitnput (*       Enter  <0> to stop " )                                    i 
■■J-'.-'.-iltH!n-.-i 
I  deleted) ( 

%    Plots   Cor  selected ooquor.ess 

wtiile iquery-*U) ; 

mi ■ query ; 

YO -  400 

scl ■  1 
sc2  -  1 i 
i(l»llneB>-30l ; 

<0 = 700 I 
«cl-1/2 
9C2-2/3 

and i 

ten  ■  tine(II ; 
MX - c«il(U«*> 

I   tpxlnUj'     äcqusnco I:     id \n',nn> i 
for  11-1inline» ; 

riguiBI'Position', 125*25« (ll-l>'scl,YO-J0'(11-1) •SC1.BOO»«S..,00'»C21) 

jrel'Poaition'.125*25»(11 -25'111—1I•ocl.eO0'5c2.3QO,sc2:. 
i 'Hanc',I.iiieKa-iecLinaIndex(l.lli, :>l I 
t   textCxnx-O.lS'fxirx- ■ .0S'<yi»*-yu*il.   ... 
»       Line»a»e<LioeIndex<l. 11), :J, 'Color', |0  1   11) ,* 

subplotH,liII IUH  series 
plot (tine* la6.data I :,(m, 11)) r 
settgea.'ContSir»', |°]) ; 
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\ *ot<qca, 'YTiäkUtMi', []} 
tltl*("Tln«  Seri-a') 
av-aici*  ;   xnn~av(ll   ;  xnx~av!2| 
axia<|0 JO  -1.0  1.011 

■   nil (|0  100 -1.0  1.01) 
hold  on 
PlotSlgPafl 

;   ynn-avcäl   -  ynx'avc'l 

I  * display alg  and  r*f window» 

lubplotH-1.21 
plotfiD/ledSlgnalPSDf^iBi.Hl, *g-') 
hold on 
pl»C<tn/U6,Boi»«PSD<t,iM,UK  '«-'1 
plot (fn,MrnP5D(:.m), in , "b-'l 
aat(qca. 'FontSlio',|9|) 
settgca.'YTickLabel1.1)1 
title I'R« and Hz PSDa* | 
ovaxis i   mn-ivill   ;   xnx*av(2 
aalallO 2Q0e6 nln(0, ymn|   jmxii 
dxla(|0 300 Bln(O.ynn)   ynxl) 
hold on 

>  Slg   Ircvi  and nolte  psDa 

ynn-avlil   ;  ynx-avMl 

subplotM,l,3l 
plot (fn/let, Signal PSDC. 
plöt ((ii, HomPSD(:, im, 111 
scttgca. 'For.-^i;?* , |*J I 
sec(qc3. • YTicjcLabel', I] I 
tltlvI'Sigiial   PSD1 ) 
av-axi9  ;   xnn~av(li   :  xnx>av(2l 
axia(|0 ;0Ha6 nlnlO.ytistl   ^tnx)| 
axls(|0 $00 nin(O.ynn)  ynxl) 
hold on 

«  Signal  PBP 
i, 111 -Hol aePSD (:, an, 111 
b-'l 

ynn~avi3j   ;  ynx~avi4( 

eubplotl4,1.4i 
plot((n/lae,KoimP30(:,nn,ll)) 
set(gca, 'For.tSixe'> |9)) 
act (qca,' VTiexLabel '«(11 
titl«trMor**llI*d "      I 
av-axio  ;   xiuvavdi   ;  xnx"av(2) 
axli(|0 200*6 nlnlO.^DOi)   jm*)! 
axlaflO 500 mn(O.ynn)  ynxl) 
hold on 

I    i  Hoiütsi::'] 

ynn-av()|   ;   ynx~avi4( 

eo i 

dlspC        ') 
fpilntf I'       Entci  aeq I  to display \n" | 
query-Input<'       tnter  <0>  to atop ■   * I 
deleteil:Xlines) 

-->>j 
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C3.  HDPulseSim..m  -  Heterodyne Pulse Simulation (Optical Field Based)

■'Lv'.i'l    -<:>ti    FH      C:-.L»Oa\H:.I--?'H-t-r[.i-/n-    P11H-    Simla- iqn\KD. . . '.KJUPj^reSin ,n :    pi    10 

Hat lob  prog ran   BDFulseBlai.il 

Prograsi to simulate nodelocked laser pulse  in both  rcnporal ana  : 

Crwatad  14  Hat 03 by  D.C. 

Modification! 
dd mo yy    -    xxx 

clear 

warning  olf 

»  UMCID -   "UP3 ' 
r.i--:I5   -   'GLAFS ' 

»   DeeilD   =   '7633CIF_PC' 
»  UeerlC -  'Senf 

OserlD ■   'Senit  LI 

; •  use  only OP  S.r 

I 

xxx -  conputer 
platform  =  xixil:4> 
clear   "** 

; 

rand( • -t-it.i.-" .son< 100*cloc*11 
candn('itate1

tsum(100"clock)) 
t »   initialise  unarm |  aanarator 

LtializtJ   Gaues tan   randon   •   jrr.-:v..: 

*     Constants   l physical and system 

■-,- _-.lr>. - 0.6? 
<n =  l.Ce-19 
Ah - 6\6?S*e-34 
cspeed - 2.»M«S 

-  lO.SSle-6 
■iiiii =  la- 9 
IM_0RC •  l/<2'TSan) 
LL ■   3.3 
dalf   If »  13.7*6 

f«  detector quantun efli- 
. -]IT     :   i: r:tton 

j * Planck'« con*' I 
;   '    speed    ■:■: 

; ■  wavelength   IC12-016 10P20) 
; J A .:.'■■:■... 
.- •  data collection bandwidth 
I '  cavity  length   (ml 
! »   fraq offset batwaan  Rx and  LO  (H;. random) 

*    Create nodelocked temporal  pulse 

17 ■   20*-6 
dt - 0.2'le-9 
Ht =   TT/dt 
Dt -  l*-9 

I  *   tlna window 
CUM point  apt 

I \  nunoet of tenporal  points 
; ■ u  unv 
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=   TT/Dt actual   nuncaz   DI   laBpla   polnu 

tt -   ICEOStl.Ntl 
ttl - MCoall,Mti 
tt_Dt - xecosIl.NJK) 
■]■; =   »tOS(l,»tl 
- -   i«IO«U,Ntl 
PF - ;erostl.Nti 
(n a   1 
sigl - 0.4«-* 
G2 ■   0.1S 
• ig! - 2.0«-* 
siga -  1.30e-9 
dt_* = 2*LL/cspead 
Bt_a - dt_a/dt'l 

for  ti -HU Dt 
tt_DtUU = «l-l)'Dt 

-.-;■! 

:   : irat   Pician 

»  wifltn paran ot  second Pician 
■   Hide: ■ -rpotal irodes   (-3 ns  FMHH) 
\  spacing betvaen Cauaslan tantiotal nodaa 
I  nunber ol points  in single  interval 

i >  actual curie  sanpl* 
- 

I  \  shift  to star:  at  '  us  to mat. 
t 

for  11=1:Nt 
UUil-Ui-llMt 
ttl(iil«ee(iii-7e-6 
iritt(U|«-7«-A) 

gg<iil~Q,0 ; 
olsc I 

MCUl*el'lttiail/l*-6|'«JCpli-ttlUi)*ttl(Ull/<2'»lql'*ivl)>   . 
62>(ttliil)/le-6)*exp((-ttltll)*ttl(iij)/(2'sig2'Blg2M 

and i 
end > 

lot   11-liBt 
ttairodUt(iil,dt_ap-dt_a/2 
aa{i 1)-e>tp((-tUttU/(2'siga-»lga) I 

and 

■     .. . 

pp - gg.-a- ; » craat« »1  pula*  train Mith tanpoial  envelop« 
; >  pp is  instantaneous poueca   square of  field uu 

ci9ur*('Position',[30 «on  330 «oo;» i 
plotltt/le-',ggi 
no: d i 
plot<tt/lfi-£,*a. 'i   ') ; 
plot(tt/le-6,pp, 'g-') ; 
ylabel('cttical   Power Conponenti 
ylabel* -i') 
ylabel('optical  Power   (■) ■ ] 
-..'-«iia  ;   xnin-dV<l>   .*   xmx»av<2)   i   ynnaav(3)   i   ynx-<iv(4l 
a*i8l(0 TT/le-6 ymn yroc)) 
nold off i 

|Kodeiocicd>   (Hi' 1 

i 
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i     ceo* icy spectrum tor Bwdsloefceil tenporsl pule« 

HFFTbaoa   ■   <Mll(log2|Nt>> 
UF7T -  2"HFFIbaee 
Fp = zerostl.NFFT) j 
fpp - »taalUMPFT) 

; ireq - zeros(i.KFFT) 
PPI a 2sroatl.KFFr) 
ttl - zeroed,«FFD 

FP - (ftipp*dc.iiprr> 
1-c - fttsniteiFp) 
df s   l/(WFFT*dtl 
BM - 1/iJ'dt) 

for Ü -I:HFFT 
rreq(J)l = (3J-BFPI'2-l)* df 

and 

flguleCPoaitlcn', (700   500   550 600|)                                    ' 
subplot Uil. II 
plot<freq/le6.abs(Fppn * 
tltlaf'Optical    Power   Frequency Sfactrim      Fpi> I '   1    ; 
xlabel(' Frequency   Itt«;j'I ; 
ylabel(■ Frequency Spectrum'} ; 
subplou3.1,2) 
plot{Ireq'leG,realIFpp)) 
title( 'Optical   Power  Fiaquaacy Spec;run   meal IFpp) I '  ) 
*label('Frequency   (MHz)* I ; 
ylabel('Frequency Spectrum') i 
•ubplot(3,I,3l 
plot <lreq/ left, mag(Fpp)) .* 
tltla<'Optical  Power  Frequency Spectrum  llmaglFpp)}' > 
Klabel I'Frequency   (MHZ)'I ; 
ylabel('Frequency Spectrum') ; 

ppl   -   lr"lt(FpMlFFT'dtl 
for   ll=l:NEFT i 

tti<lii-(li-i)/(wrrt-d(l 
and ; 

figure('position*! [90 f>0  510 4D0)| i 
plot(ttl/la-6.ppI) 
Hold or. ; 
plot«t/le-6,pp« -g:') j 
titl"('Opllci(l    Power    IIFTO    IWI ' J ; 
xlabeK'Tine  (us)') ; 
ylabel('Optical   Power   IUI'I 
ov-a«is  ;  xmn-a'/<l)   ;  un»!-nv(?l   ;  yno"av<3l   ;   yroeavd)   : 
a*;i((0 ;T'1C-6  ymn ycx)} r 
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»     Cccfjte  seals  (actor  to nornslir-  to   :wcoi«ed «M i  Instantaneous pcwai) 

Epp   *   BJOlpQ>-at 

\  
- .v-lotm 

,-J.    :-..' a   ZorOB liijo (ppl) I 
PP_LQac -  zerosIsire(ppl) • 
Fp_LO = zeros(size(Fpi) ; 
Fpp_w - zeros lalietrpp)) 
ppI_LO - zerosisire(ppl)) .* 
F-;   :....i. s  zoroB 111 JO (Fpi) ; 
Fpp_LOac - zeros I Bile (Fpp)) > 
ppI_LOac -   zeros(size(ppl)) ; 

dispC   ') ; 
■77 -  Input I'     Entot   i»t  »pur  »eil*  factor   fO.Sa-3):   '  |   i 
al54 -  input I*     Enter  2nd spar   scale   !actor   Il.Ze-lJi   '  I   ; 

phi"      - 2*E>l"rand ;       >• i .■■-■■.,   .-■---. cttase 
phil^fl    • 2*pi*rand j *  arbitrarily  -r:;-ri pnas^ 
I a Itt    - 1.0*-1I i\ tiolsa  laval   foi  LO spactrum 
delf_LO • 1?e6 »  *  spacing betveer.  LO nain node and spurs   (Hzl 
i  sigLC = 83*3 it spectral oidth of  LO frequency nodes  (Hzl 

for ilvliNt ; 
ppLö(ll)   a  i  .  B77,cos(2-pl*dolf_L0*tt(iinpnn7)   *     ... 

sl5**co8<2"pi'(2*f*elr_LO)'tt lii)*philS*l 
pp_LOactll)  =      s7T*cos(2'pi*delz_L0'tt(iii*phm)   •     ... 

»IS*'co»<2'pi'(2*d^lt_LO)"ttlU)<philS4| 
end ; 

rp_LO -   fft<FP_LO'dtiHFf7l 
Fpp_LO - rtcsnirt<Fp_LO) i 
ppi_to        - irrtirp_LO'wFPT'dfi 

f,    ._- s   fft(pp^LOac*dt,SFTT1 I 
Fpp_LOac -  fftshift<Fp_LOac) 
pp:_LOac =  ifft(Fp_LOac-HFrr>df) ; 

figure('Position*!fTOO 300  *>S0  600|) i 
BubpJot(3.1,l» 
plot(freq/le t,aba<Fpp_LO) I 
hold on i 
plottfreq'le6l«b8(tpp_I/Mcl, '•-'> ; 
II".-C       Frequency Spectrun  IFpp_LOI'] 
xIabal('Ft«quancy   IMMJI■I 
ylobel('Frequency Spec tr tan' I > 
subplot(3,1,2) i 
ploUft*q/l*(i,ie»l(rpp loll 
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hold on i 
plot4fteq/le6.real(rpp_LOac>. 'r-'l ; 
title('LO Fees.: ' ) 
xldbal('Fr<jquancy   IMHXI' | ; 
ylabel ('Frequency Spootr»' • < 
■ubploti3«l,3| / 
plol(f[«q/le6.)naglFpp_U»l 
told on ; 
aenllcgyIftaq/lei,lnag<Fpp LOac|,  *i 'I                       ; 
titlefLO Frequency Spectrun   HvaglFpp}t' ) > 
«label(■Frequency   {HHxl'I I 
ylaix-1 i                 ■   y Spacin       i 

£lgUM('Po«lClatl*([700   50   SSO   4001) I 
plo(UtI/le-6.ppI_LOI 
hold i 

plot(tt/le-6,pp_LO,'vr'l 
plot{ttI/le-6.ppI_L0ac, "r-'l 
plot<tc/la-G,pp_l^äc, 'i     I 
titleCLO Cp-j-ol  Fencer  4IFT7I   (Mt* I 
xlabol ('lUic   (ua)*) j 
ylabelfliO Optical  Pc"«er   <») *) 
av-oxii  i  xmn~av(ll   ;  w«v(2i   •   yiwavO)   ■   yno(~av(Ct   ■ 
axiaiio TT/la-6 ynm ynx)) 

»  
l     Cieate Rx and ID optical   fi«ld V«l 

uur ■ sqrilpp) , 
mi_LO      ■ sqrtlpp_LOI ; 

Fu_t - m<uu_r'di.»FFTI 
Fuu_r      - fttahift(Fu_r) 

FU_LO     - fft (uu_LO'dt,ierm 
FOU_LO     ■   tft3hl!t(Fu_LO) 1 

\    Oliplay Held / pousi  toxtpoial  /  apoctrai  valuea 

diapC ■) i 
dispC Ml  Piess return to eontlm»  III' > 
dispr ') 
pauaa 
displ' Displaying  tield / pov- -prttr?:   v^:.i--     '  } ; 
dispr ■) i 

delete (1:3) 

figure ('Position'. |   50 600  SS0  400|) ; 'Fl  pp and uu_r tenvoral display 
plot(tt/le-6,pp) i 
hold on ; 
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plot(tt/;c-S,uu_i, *n"| i 
tltloCOpticul  Cow«:   |W| ' | t 
xlabeH'Tine  (us)') ; 
ylaboH'Optical  Pawtr   (Hi ■ 1 

tlauic(■Position*,[  SO    90  550  400|) -   Fp and  Fu_:  ipcctiai  display  (Fpp,F\j'j_r> 
subplot(Z,l,11 
plot<lteq/le6,abs(Fpp)) ■ 
hold on i 
plot4freq/le6.abB<FUu_r), *r:'( ; 
title*'Frequency Spectrun  (Power and Field,|Fpi,IFu'*  I i 
Kl*b»l('Pf-q'>---cy   IMHII'I 
ylabel ('Frei i 
Subplot(2.1,2) 
plot Ifceq/le6rangleIFpp)> 
bold on 
plot<freq/let.onglelFuu_rl ■ '?:'> 
title<'Frequency 9pectrun Phase   (Power and Field,Fp,Fu' 
Kl*bal<'«-qu»ncy   IMHn'l 
ylabel('Frequency ■    -.■—'! 

T3 pp_LO and uu_W> tent-oral  display figureCPosition*. (700 600 550  4001» 
plotltt/ic-«,pp_LO> 
bold an 
plot(tt/le-6,uu_LO, 'r*') 
titlc('LO Optical  Power  and Field   iH.iqrtltt))' 
xlaboli •!') 
ylabel('Optical  Fover and Field' 1 

nqurecpoaition', [700    ao  53C  «oon ■ '-Ft  Fp_LO and FD_LO spectr disp   |Fpp_LO,FUU_IO) 

»ubplot<2.1.U ; 
plot<lceq/le6.abs(Fpp_LO)l ; 
iici: :■;     . i 

plot4freq/ie6.abB(FUu_LO)i * r r' > • 
title<'LO Frequency Spectrun   'Power and Field. iFp_LOi, IFU_LOI'  > i 
xl-iiml CFi-qu»(iey   tMBrl * I ; 
ylabel ('F;^ ;-;tron') ; 
subplot(2.1,2) i 
plot ffreq/let.anglerFpp_LOI1 

plot<fceq/le6.anglelFUu_U')l. 't:'\ ; 
title'' r^ectrun Phase (Power and Field,Fp_LO,PU_LO"  I ; 
(label('Frxquancy   tKHil' I ; 
ylabel('Frequency Spectrun" i ; 

,    
>     Check that spectrun of   t*   - :onvolution or  P* opt   Held spectrum 

icnvflq « 0 execute  flag 
if (ienvflo==l> i 

dlspc     ••• nvolutloo CM -  #»»   '  ) ; 
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dispf in  fies*  raturn  to bcgm  *««* ) 
diapl' '> 
paus« 
dlapf Rx convolution enact «outina  staicad* ) 
dispC 'J 
|JJ   :(^:ze!    =    sl:o I'':L   tl 
Nu?«  - 1500O 
xFu • Fuu_ril,<Xsize/2-Huse/2-l):(Hsize/Z-Hus«/Z)) 
xFp ■  Fpp(l,iHai:t0/2-NM*a/l*l|:<Hsiza/2*Nu£a/2|| 
xFc " COHV(XFU,äFUI *ai 
/.;■:  ~ xFc<l.Nuse/2-l:K'jse*(Juse/2) 
rigui« I 'In.ji l«n*, |S00 400 SSO  4001) 
pl0t(abs<xFpi I 
hold  on 
plot(abe<xFcl. 'ti'J 

end 

I 

i 
i  *  ail* of convolution 

i 

i 
arlay powai  anil conv   ■ 

»    Chack that apactrun at   LO optical  powar   la  convolution of  LO optical   n-ld  api 

l civ/rig = o 
i((icnvflg--l> 

dlspf     III  LO convolution chock  routine   in   '  ) 
dlapC     IM  Pisas   [atom  to bag in  111' ) 
diapC   ') 
pause 
dlepC     LO convolution cnac«  contln« stattad' I 
dlapC   ') 
laa  Halle|  » sizaiFuu_Loi 

PUB« - 15Q0O 
xFo  = Fuu_LCU, (Nslze/2-Uuse/2*l): (Nslze/2*-Huse/2)) 
xFp -  rpp_Loil,(K*lw/2-(Ju8a/Z'l)Hl'*iaa/2>»uaa/2J) 
xFc - convlxFu,KFUI "Of 
xPc ■ xPc(l.riuaa/2-l!3fu*a*Kuse/2) 
figureI'Position',|800 400 550 400|J 
plot(ab»{xFpl I 
hold  en 
plot(obs<xFcl> *n*) 

i. id 

I  »  oxacuta   flag 

. 

;      overlay po»er and conv  - 
( 
I 
: 

»     Cleat utuievded varleflee 

Cloar   aa   gg   ppl   ppl    LO   ppl   LOaC   Fpp   Fpp   LO   Fpp   L*X*C   uu   I   uu   LO   FU   I   Fuu   1   1U   ID   Fuu   LO      I 

t     Calculate optical  po*ar  signal  on hetatodyn« dr- 

diap{*     fit  calculation oi optical  powai  signal  on hatacodyna detactoi   Ml 
displ'     III  Pre» return to   n-jin   i"<' ) ; 
diapC   ■) i 
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dlapf     Calculation  siaitod* ) I 
d«lete(l:4l ; 

-1'ja ape i: 

dupe   ■) i 
Fppin   -   input I '       l:it-i   receive   optical   power   on   detector    (pJI    (2.0):    '   t    .- 
diopc   ') 
Eppln  - Eppln'lo- 12 i       convert   rian pJ to J 

pp  -  pp* I&ppln/Epp} i   '  scale  received optical  power 

I LO optical  power  ?:.-.:■ i 

P_L01n  -   ir.puti'     Enter  LO optical  power on detector   (nMI   [0.1251!   '  )       j 
diopC   •> : 
P_L01n  ■ P_L01n*le-3 i       Movert   tiom nH to M 

pp_LO      ■ P_LOin*pp_LQ scale  LO poxer 
pp_LOac - P_L0in"pp_LOac i       scale AC-coupled LO power 

» CalCUl -■■ :-:: 
"alculata  tor  full   tanporal  series,   than acalfc  and tumil liiit  to match DAC BW 

sio,_sn    = sqrti(2Mhh*cspeea/wvl|-BK_QAC/qe_det)*Bean(pp_LO>| i 
pp_»n      - 8ig_Bn'randn<8ize4pp_L01) 

Pp_sn      =  fft(pp_Bn'dt,HFTTi 
rpp_»n    - fftehiftirp_Bn> 

W_B*D«C - »oundlD«_D*.C/df| 
9tp_!cn • xecos(l.HFFT) i 
»tpfcnli, 1:M ftMOfcC)   ■ 1 ! 
»tp_fcnii.wrn-N_BKOAC*i:eirrD - l 

Fp_sn      - Fp_sn.'*cp_tcn'*qrc<Bi"/BM_CAC) seal*  to nalntaln  noiae powai 
Fpp_sn    - iitahlft(Fp_9n> s 

pp:_sn   - lift iFp_8n,iJpn-dt,«rm \ 

1AA 081  - Birelpp_Bnl 
pp_sn       -  ppl_snll, ;;BB> ■ 

<:-    l-.-t-riMlyn-    op1.    -■.    y-.v-z    :n   detector 
\-      Perform AC-coopllng; now to avoid errors Iron sine distortion  m numerical  calc 

pp_hd      • pp *  pp_L0ac * r'coscJ-pl'Idel^lT'ttH.-sqrt ipp.'pp_LO)   -  realfpp_9n) ; 

Fp_ho     - iftipp_nd*at,Krrri 
rppjid   = fttsnift(Fp_tid) i 
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riguref Position*. |1°0 700  »0  100|) 
plot(tt/le-6,pp_iKl> 
tule* 'i' Poxer  IM)' ) 
xlabelfTlne   (usj*) 
yldbeli'cpLical   p™r   im ' i 
t  ov-axia   j   xtm*av<ii   ;   xnx-avizi   ;   ynn~avi3l   ;  ynx-avK 
t axia((mn  Xiu 0  ynxl > 

;igüie('P3:;-icn', 1100  100  »0  500|) 
•ubplOtlS.1,1) 
plot<rteq/le6,abs<Fpp_nd>l 
tltlB<'Frequency SpectruD  (HO Optical  Powoi) • | 
xlabel('rrequency   (MHfi■I 
ylabel (■ Frequency Spectrun1) 
subplot 12.1,2) 
plot<lreq/le6(angle(Fpp_hdi I 
IUlm'Fr»L|U.(ii:y   Spa.-.: (hD   Optical    tow»;>'   > 
xlebel('Frequency   (MHrl * I 
ylabel('Ftoqucncy Spoil ton Phase' ) 

tfll plot 

' Pig   PF'.1"1  - F'- :* L '■"■ 

»     Calculate cuirant   (AC-coupledl   out  of  data: I ~i,a b.c.  shot  r.alum 

I_ha        =   <qo_det*qqi / <hri*cspecd/wvl) *pp_nd :       includes LO allot  noise 

ri!---.-    b:.i:     :Ji r- : * .   . ■.-     : .i: ■ Bl ■ 

displ' ') ; 
I_blji - input)'     Enter bias current   icA)   I0.100):   ' )     i 
di»pC ') ; 
I bias - I bms-le-3 

s»o_Ib    - sqrtlZ,qq'B*_Pac'I_biaBl 

l_biaa    - slg_ib'raniln<ali.a(pp_M)) 

■   *   convert  [ran n* to A 

;   '  at  dev of  bias curr shot noi« 

t ' bias entrant shot nola» 

n_b        s  rrtii^bias-at.KEFi) 
Fli  b      -  iftshlft(Fi b» 

ri_b        - ri_b.,Btp_fcn,sqrt<B«/B*_WiC| 
Fli  b      ■  fltshift(Fl  b> 

;   *  scale  to Mini -  power 
i 

ils b     - ifftiFi b-tJFFT'at.Krrri 

(*■. yp| - siieii_b)eBi 
i_bia»    ■ HZ_btl.l:BB) 
1  bias    ■  ieal|i bias) I   i   roicd   1  bias  to b«  real 

I  conpute  total AC-coopled current out or detector 
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i act      =   i  nil  -   l bids 

*     Calculate voltags at   Input  to */i> and teduc« data  Co actual   syste» aanpllng  Inl 
I     Detector  -> X7* anp -> I MHi hiqn pass  -> X22 anp -> 50-oh» A/D 

V_AD0      -  I_d«l  •  '4   •   1.0  •  22  ■  SO 

V_AD        = lnterpl(ttlV_ADO,ct_&t| i 

KFTTBaseV      = ceil(log2(M_Dt)) r 
HFTTV - 2'NFPTbaBaV 
dfV -   l/<KFFTV*Dtl i 

for  Jj-1:WFFTV ; 
freqV(]T)^(JJ-MFF7V/2-ll *01V I 

«nd i 

FV_AD      -  fttlV_ftD'Dt,»fFTV) 
FW AD    - fitshiitirv ADJ 

riguiacPos:tioi',[700 JOO  ssa  <oo|) Fig V_AD temporal plot 
plot(tt_Dt/le-6.v_ADI 
title('3ignal at A/D  flfl ' i > 
xlaboli •!•) 
ylabelC Signal at A/D  IVI ' t 
» av-aili   t   'tiri-ivlll   i   xnx-4vl.~l   |   ynr.-avi31   i   ynx-avltl       j 
>  a» i a (| xnr.  nnx 0  ynx | ( 

riWM(,V>MlU«n,«[T0O  100 SSO  500|) Mg V_AP •)" 
subplot 12.1,1) i 
plot<fteqV71«6.at*(FW_AB|l : 
title«'Freguency Spectrun  (A/D Voltage)' ) i 
Mabel('Frequency   (MHii'l ) 
ylabal l' Ptaguancy Spaetrt*"'1 ; 
subplot(2.1,21 i 
plot<ftaqV/lo6, angle IPW AO)) i 
titlet'Frequency Spectrun Phase  IA/D Voltaje)'  I ; 
xlabal (■ Ftequancy   (KHi)*| ; 
ylabel('Freguency Specttun Phase' I ; 

I 
I     Save data as  tile that can be  read  into DATREDOC_HD progtans   (teal data analysis! 

savant  - V_AP» 

BflVO   HDPS.tXt    -aBCll    BäVdat I 
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